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Abstract: The global rise in obesity and its co-morbidities raises worldwide health, social and
economic concerns, especially in developed countries. Compounds derived from natural sources
are now in the focus of pharmacological therapies. In recent years, sulforaphane (SFN) has been the
subject of studies due to its anti-cancer, anti-inflammatory, antioxidant and potential anti-obesity
effects. Lately, some studies have also reported the anti-obesogenic potential of chlorophyll. In this
study, we evaluated the anti-obesity effects of SEN and chlorophyll a (Chlo.a) in C57BL/6] mice
fed with a Western diet, rich in sugar and fat. The study lasted 14 weeks, and for the last 4 weeks
SFN (0.25 or 0.5 mg/kg/day) or Chlo.a (0.2 or 0.5 mg/kg/day) was administered orally. The results
showed that supplementation with SEN or Chlo.a resulted in an increase in body temperature and a
reduction in the size of adipocytes. However, the administration of SFN or Chlo.a for 4 weeks did
not decrease the body weight gain or hepatic steatosis, and increased hepatic ROS counterbalancing
with an increase in SOD activity. In conclusion, in the animal model used, treatment with SFN or
Chlo.a did not show strong anti-obesity effects; however, slight improvements were observed with
the supplementation of these compounds.

Keywords: Chlorophyl a; C57BL/6] mice; diet-induced obesity; sulforaphane

1. Introduction

Obesity is a multifactorial disease whose incidence has been increasing in recent years,
creating a worldwide health concern and entailing costs at a social and economic level [1].
Obese patients are often predisposed to potential co-morbidities such as type 2 diabetes,
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hypertension, dyslipidaemia, cardiovascular diseases, non-alcoholic fatty liver disease,
chronic kidney disease, certain types of cancer, mental disorders, among others [2—6]. The
development of obesity is usually due to an imbalance between calories ingested and
calories expended through metabolism and physical activity [7,8], although other causes
such as genetics, environmental and socio-economic conditions can also contribute to
obesity [9-11]. The consumption of high-calorie diets such as the so-called Western diet,
rich in saturated fats and sugars, is a trigger for the development of obesity, especially
when associated with a sedentary lifestyle [7,8]. A healthy lifestyle with a balanced diet
and physical exercise is essential to reduce obesity and its associated co-morbidities. The
use of natural compounds that help in the treatment or prevention of obesity are of great
interest and the subject of many studies [12]. Natural compounds generally offer lower side
effects than synthetic ones and are of great interest in pharmacological therapies [12-14]. In
addition, consumers also give preference to compounds of natural origin [15].

Brassicaceae plants, such as cabbage, broccoli, cauliflower and Brussels sprouts, are
rich in glucosinolates, which give rise to isothiocyanates with health benefits after hydrol-
ysis, such as sulforaphane (SFN) [16]. In recent years, SEN has emerged as a promising
agent against obesity [17,18]. In vitro studies demonstrated that SEN treatment significantly
reduced both lipid accumulation and triglyceride content in adipocytes [19] and induced
lipophagy through the activation of AMPK-mTOR-ULK1 pathway signalling [20]. Recently,
SEN has been shown to attenuate neutrophil reactive oxygen species (ROS) production,
myeloperoxidase degranulation, and phagocytosis, as well as decrease the release of pro-
inflammatory cytokines and ROS production in whole blood [21]. Studies addressing the
anti-obesogenic effects of SFN in diet-induced obese rodents have reported that SFN admin-
istration was able to significantly reduce body weight gain and liver weight, and improved
insulin resistance, glucose tolerance, plasma lipid profile and liver steatosis [17,22-24].
In a recent study, a web-based integrative transcriptome analysis was used to evaluate
the pharmacological actions of SEN in vitro and in vivo [25]. The analysis revealed that
SEN-induced transcriptomic changes were cell/tissue type dependent. The study shows
that SFN upregulated the ATF6-mediated unfolded protein response (UPR) in a NRF2-
independent manner, and that SFN-induced UPR occurred in the liver, but not in the
skeletal muscle, brown adipose tissue or the epididymal and inguinal white adipose tissue
of HFD-induced obese mice. In turn, SEN induced a NRF2-mediated antioxidant response
in the skeletal muscle [25], and the SEN treatment was also shown to be downregulated the
expression of collagen and circadian rhythm-associated genes involved in fibrosis and lipid
metabolism, respectively [25].

Chlorophyll is a green pigment involved in the photosynthetic process, and is present
in plants, algae and some bacteria. There are different forms of chlorophyll, including 4,
b, c, d and e [26]. Chlorophyll compounds have been reported to present some bioactive
activities such as, anti-oxidant, anti-cancer, anti-inflammatory, neuroprotective effects,
among others [27]. Furthermore, it has been reported that chlorophyll a (Chlo.a), the
most abundant photosynthetic pigment, together with its derivatives, has potential anti-
obesogenic actions in both in vitro and in vivo studies [28-32]. Wang and colleagues [32]
demonstrated that the addition of chlorophyll extracts decreased the release rate of free fatty
acids and changed the fatty acid composition of soybean oil emulsions at the gastrointestinal
system level using an in vitro simulation. In addition, the study reported that pheophytin, a
Chlo.a derivative formed after gastric digestion, inhibited pancreatic lipase activity during
intestinal digestion by binding to pancreatic lipase [32]. Seo and colleagues [31] investigated
the anti-obesity and browning effects of Spirulina maxima extract, a microalga rich in Chlo.a.
They demonstrated that the spirulina extract suppressed lipid accumulation by reducing
the expression of adipogenic and lipogenic proteins in vitro. In the same study, Chlo.a
treatment alone was also able to inhibit adipogenesis and lipogenesis in vitro [31]. In
addition, supplementation with spirulina extract was reported to decrease body-weight
gain, fat mass and triglyceride and total cholesterol serum levels. It was also reported to
decrease the expression of adipogenic proteins and increase thermogenic factors in mice fed
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with a high-fat diet (HFD) [31]. Other studies reported that chlorophyll-rich spinach extract
supplementation significantly reduced body-weight gain, adipose tissue accumulation and
low-grade inflammation and improved dyslipidaemia and glucose tolerance in mice that
were fed a HFD [33,34]. In addition, this chlorophyll-rich extract supplementation was
able to reduce gut microbiota dysbiosis induced by the HFD [33,34]. The gut microbiota
composition is known to be related to a healthy or unhealthy state and may play a role in
the development or maintenance of obesity [35].

Despite this evidence, studies addressing the anti-obesogenic effects of SFN and
especially Chlo.a are still scarce and vary between treatment protocols. The use of rodents
fed hypercaloric diets is one of the most used animal models of induced obesity [36,37],
and the Western diet is used as a robust model of human obesity [38]. Thus, the aim of this
study was to evaluate the potential anti-obesogenic effects of SEN and Chlo.a in mice fed
with a Western diet rich in sugar and cholesterol using a voluntary ingestion treatment
protocol.

2. Materials and Methods
2.1. Animals and Experimental Design

All the animal experiments were previously approved by the local Animal Welfare
and Ethical Review Body at University of Tras-os-Montes and Alto Douro (UTAD) followed
by the national competent authority Direcao-Geral de Alimentagao e Veterinaria (DGAYV,
Lisbon, Portugal; license n°® 8776), and were conducted in accordance with the Portuguese
Law (DL n° 113/2003) and the European Directive 2010/63/EU on the protection of animals
used for scientific purposes.

Six-week-old male C57BL /6] mice (1 = 56) (Charles River Laboratories, Saint Germain
Nuelles, France) were used in the present work since females are more resistant to the
obesogenic effects of fat diets [39-41]. Mice were kept in an animal facility under controlled
temperature (21 & 2 °C), relative humidity (50 £ 10%) and a 12 h/12 h light-dark cycle.
Mice were group-housed in open polycarbonate cages with corn cob bedding and with
cardboard rolls and paper as environmental enrichment. The animals were left to acclimate
for 1 week and had ad libitum access to tap water and a standard diet for 2 weeks. The
use of gelatine pellets for voluntary drug ingestion is an alternative to more stressful
administration methods in animals, such as intragastric gavage, while also providing
reliable drug delivery [42—45]. This method requires a period of training for the animals
to get used to ingesting the gelatine pellet. The mice were trained to voluntarily ingest
gelatine pellets during the week before the start of the experiments. The animals fasted for
12 h only on the first day of contact with gelatine pellets to encourage them to overcome
neophobia [46]. Over the next few days, the animals ate the pellets very quickly. During
this training period, the animals had ad libitum access to food and water. The animals were
placed in separate cages to eat the gelatine pellets only once during the day, immediately
returning to the group cage after ingestion. The gelatine pellets were diet-flavoured, and the
selection of this flavour was based on a comparison between different gelatine flavours for
oral dosing in the mice developed by our group [47]. The animals were randomly assigned
to eight groups (n = 7/group) and were fasted for 12 h before the start of exposure to the
new diets. The new diets were the Western control (CTR; Western 1635 Control; 17.9% fat-
and 50.2% carbohydrate-derived calories; SAFE®, Augy, France) and the Western + 0.20%
cholesterol (WD; Western 1635 + 0.20% cholesterol; 18.1% fat- and 50.1% carbohydrate-
derived calories; SAFE®, Augy, France). To guarantee an increase in the animals’ body mass,
the diet should be simultaneously hypercaloric and hyperlipidemic [48]. A hypercaloric
diet based on carbohydrates has low palatability, so the animals may reduce their body
mass instead of increasing it, since animals in nature, once satiated, do not ingest more.
On the contrary, a hyperlipidemic diet has better palatability and animals consume it
better, thus increasing their body mass [49,50]. Due to the soft texture of the new diets
used in this study, wooden blocks were placed in the cages so that the teeth of the mice
would wear out and the animals could express their appropriate behaviour. The study
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had a duration of 14 weeks, and for a therapeutic approach, D,L-sulforaphane (SFN;
EMD Millipore Corp., Burlington, MA, USA) or chlorophyll a (Chlo.a; Sigma-Aldrich,
St. Louis, MO, USA) were given in the last 4 weeks of the study (Figure 1). SEN and
Chlo.a were resuspended in sunflower oil, obtaining a stock solution of 25 mg/mL and
10 mg/mL, respectively. On each day, the volumes of the solutions, with a corresponding
daily dose of 0.25 or 0.5 mg/kg body weight (bw) for SEN [23] and 0.2 or 0.5 mg/kg bw
for Chlo.a [51], were put in the top of a gelatine pellet, and then ingested voluntarily (per
o0s) by the animals on five days per week. The animals were monitored during their daily
intake of gelatine pellets to ensure the pellets were completely ingested. The chosen doses
were based on literature [23,51]. The experimental groups were as follows: (1) Western
control (CTR); (2) Western + 0.20% cholesterol (WD); (3) CTR + 0.5 mg/kg/day SFN (CTR +
0.5 SEN); (4) WD + 0.25 mg/kg/day SFN (WD + 0.25 SFN); and (5) WD + 0.5 mg/kg/day
SEN (WD + 0.5 SEN); (6) CTR + 0.5 mg/kg/day Chlo.a (CTR + 0.5 Chlo.a); (7) WD +
0.2mg/kg/day Chlo.a (WD + 0.2 Chlo.a); and (8) WD + 0.5 mg/kg/day Chlo.a (WD +
0.5 Chlo.a). The control groups were given the highest dose of the respective compound on
the principle that if the substance alone at that dose had no effect, the lower dose would
not either.

Week -2 -1 0 10 14

I || | |
Group 1 - ( )
N
Group 3 - l J[ 0.5 mg/ke/day SFN |
ot (1) (D S KETTIEIR
sows (1) (D RS T
Group 6 - ( } [0.5 mg/kg/day Chlo. a |
o7 (107 D S CITITIEIES
——— 1 erwwwoes

Acclimation D Western Control Diet (CTR)

- Training - Western+0.2% Cholesterol Diet (WD)

Figure 1. Experimental design. After 1 week of acclimation, mice were trained to voluntarily ingest
gelatine pellets once daily during the training week. Then, mice were fed a Western control diet (CTR)
or a Western diet + 0.2% cholesterol (WD) for 14 weeks. Experimental groups were supplemented
with sulforaphane (SEN; 0.25 or 0.5 mg/kg/day) or chlorophyll a (Chlo.a; 0.2 or 0.5 mg/kg/day)
5 days a week, during the last 4 weeks of the study.

Food intake was recorded weekly, while body weights were monitored monthly. The
relative weight gain for each mouse and the average food intake for each group was
calculated using the following equations:

_ (Final weight — Initial weight)

Relative weight gain(%) = Final weight x 100 (1)
Average daily food intake(g) — (Initial food Welilhgt dafllsnal food weight) @)

Mice are social animals that should be grouped together [52,53]; however, the exact
individual food intake is difficult to determine for house-grouped animals. Also, food that
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falls into the cage and is wasted is not taken into account, so food consumption calculations
end up reflecting an estimate.

2.2. Body Temperature Assessment by Infrared Imaging

The body temperature of each mouse was assessed at the beginning of the study and at
week 14. For this process, images were acquired using the FLIR E8 Wifi (FLIR Systems UK,
Kings Hill, Kent, UK) thermographic camera in a dark room to avoid light interference. The
plane of the infrared camera’s lens was positioned at a distance of 50 cm and parallel to the
plane of the mouse’s back. Thermographic images [infrared resolution 76,800 (320 x 240)
pixel] were analysed with FLIR Tools software version 5.13.18031.2002, and body surface
temperature was then assessed using data collected at a mid-back measurement point.

2.3. Liver and White Adipose Tissue Histology

At the end of the week 14, mice were fasted for 24 h and then killed with an overdose
of ketamine (75 m/kg, i.p.) and xylazine (45 mg/kg, i.p.) followed by cardiac puncture.
The liver and the epididymal and retroperitoneal white adipose tissues were collected and
weighed. Tissues were fixed by immersion in 10% neutral buffered formalin, dehydrated
through graded alcohols and embedded in paraffin wax. Tissue sections (2 pm thick) were
stained with haematoxylin and eosin (H&E), and then analysed under a light microscope
by a blinded pathologist. All of the microscopic changes were registered. In the liver, the
distribution (focal or diffuse) of liver fatty changes (micro- and macrovacuolar) and the
presence of inflammatory infiltrate was recorded.

2.4. Adipocyte Morphology Analysis

The morphometric analysis of the epididymal adipose tissue was performed in histo-
logical sections (2 pm thickness) [54] using an optical microscope (IX 51, Olympus, Tokyo,
Japan) equipped with a CCD camera (Color View III, Olympus, Hamburg, Germany).
The number of adipocytes was determined in 5 fields/sections (<200 magnification) and
the average number per group was calculated. The number of adipocytes was also de-
termined in a fixed area (569 638 um?), in 5 fields/section (x 100 magnification), and the
mean number calculated per sampled animal. Adipocyte volume was calculated using the
formula 71/6 x [30% x d + d°], where d is the mean diameter of 100 measured cells in the
field, and o is the standard deviation of the diameter. The area (um?) of 100 adipocytes
was determined in 5 fields/section, using the Olympus Cell"A software for image analysis
(Version 2.6; Build 1210). The average size of the adipocytes was calculated, and three
different area classes were determined (<500, 500-1000, >1000 umZ) in which the cell size
distribution was expressed in percentage [55].

2.5. Intraperitoneal Glucose Tolerance Test (IPGTT)

The glucose tolerance test was performed at week 14. The mice were fasted overnight,
and then injected intraperitoneally with a 50% glucose solution (2 g/kg, i.p.). Blood was
collected immediately before and 30, 60 and 120 min after the injection, through a small
puncture in the tail inflicted on the animals. An OGCare glucometer (BSI Diagnostics,
Arezzo, Italy) was used to measure blood glucose, whose concentration was then expressed
as a function of time and the area under the curve (AUC) calculated.

2.6. Plasma Glucose and Lipid Profile

After 24 h of fasting, blood was collected into lithium-heparin tubes when mice were
killed, and then centrifuged at 1500 g for 15 min at 4 °C. The plasma obtained was
collected and stored at —20 °C for a posterior analysis of its biochemical parameters,
namely, glucose, total cholesterol (TC), triglyceride (TG) and high-density lipoprotein-
cholesterol (HDL-c), determined by spectrophotometric methods using an autoanalyzer
(Prestige 24i, Cormay PZ). Low-density lipoprotein-cholesterol (LDL-c) was calculated
using the Friedewald formula [LDL = TC — HDL — (TG/5)].
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2.7. Hepatic Oxidative Stress

The liver samples were homogenized in a cold buffer solution (0.32 mM of sucrose, 20
mM of HEPES, 1 mM of MgCl, and 0.5 mM of phenylmethylsulfonylfluoride, pH 7.4), and
then centrifuged at 15,000 x g for 20 min at 4 °C. The supernatants were collected and anal-
ysed for the assessment of oxidative stress and antioxidant response. The oxidative-stress
index (OSI) was determined as the ratio between the reduced glutathione (GSH) and oxi-
dized glutathione (GSSG). The levels of GSH and GSSG were assessed at 320 nm and 420 nm
by derivatization with ortho-phthalaldehyde [56]. The 2,7-dichlorofluorescein diacetate
(DCFDA) probe, with excitation at 485 nm and emission at 530 nm, was used to estimate the
reactive oxygen species (ROS) synthesis, as previously reported [57]. The malondealdehyde
(MDA), an indicator of lipid peroxidation (LPO), was determined by the thiobarbituric acid
(TBA)-based method at 530 nm [58]. The activity of the superoxide dismutase (SOD) was
determined at 560 nm, while the activity of catalase was assessed at 240 nm, as previously
described [59]. The glutathione peroxidase (GPx) activity was evaluated at 340 nm by the
oxidation of NADPH [60]. The gluthathione S-Transferase (GST) activity was measured
through the reaction of the thiol group of glutathione with 1-chloro-2,4-dinitrobenzene
(CDNB) at 340 nm, and a molar extinction coefficient of 9.60 mM~! cm~! was used. The
analyses were carried out using a PowerWave XS2 microplate scanning spectrophotometer
(Bio-Tek Instruments, Santa Clara, CA, USA) or Varian Cary Eclipse (Varian; Palo Alto, CA,
USA) spectrofluorometer equipped with a microplate reader.

2.8. Statistics

Data are expressed as mean =+ standard error of the mean (SEM). Statistical analysis
was carried out using GraphPad Prism version 7.0 (GraphPad Software, Inc., San Diego,
CA, USA), and p < 0.05 was considered statistically significant. Data was analysed for
normality by the Shapiro-Wilk normality test. The one-way ANOVA statistical analysis
was performed followed by Dunnett’s multiple comparison test. Statistical analysis for
blood glucose was calculated using the area under the curve (AUC). The data from the
histological liver lesions are expressed in numbers of animals and percentages and were
analysed using the Chi-square test.

3. Results
3.1. Effect of SEN and Chlo.a on Body Weight and Body Temperature

The body weight changes and the weight gain of each experimental group are shown
on Table 1. Mice were randomly assigned to the experimental groups, and the WD +
0.5 SEN and WD + 0.2 Chlo.a groups had the lowest body weights at the beginning of the
study, with significant differences (p < 0.05) in the WD group. After 14 weeks of ingesting
the experimental diets, the WD and WD + 0.5 Chlo.a groups registered the highest body
weights (p < 0.05) compared to the CTR mice. The relative weight gain of the WD mice was
22.9% higher than that of the CTR mice; however, the difference in relative weight gain
between the WD and CTR groups was not statistically significant. Differences in relative
weight gain were only significant (p < 0.05) for the CTR + 0.5 Chlo.a and WD + 0.5 Chlo.a
groups compared to the CTR mice. In fact, the CTR + 0.5 Chlo.a group was the second
group with the highest average daily food intake (Table 1), which may have contributed
to the high weight gain. In contrast, the WD + 0.25 SFN group consumed the highest
amount of food daily, but this was not reflected in their weight gain. Concerning body
temperature (Table 1), the WD group had the lowest value, being significantly different
(p < 0.05) from the CTR group. In turn, supplementation with SEN or Chlo.a significantly
increased (p < 0.05) the body temperature of mice that were fed a Western diet compared to
the WD group. A baseline measurement of body temperature was made at the beginning
of the study, but no differences were found between groups.
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Table 1. Body weight (g) at the beginning and at the end of the study, weight gain (%), daily food
intake (g), and body temperature (°C) at week 14.

Body Weight Weight Gain Daily Food Body Temperature
Group Initial (g) Final (g) (%) Intake (g) O
CTR 21.87 + 0.46 30.89 + 0.59 29.43 + 1.02 21.78 + 0.66 29.56 + 0.22
WD 23.45 + 0.32 35.77 £1.20 * 36.17 + 1.40 21.15 + 0.55 28.47 +0.17 *
CTR + 0.5 SEN 2272 + 0.61 33.28 + 0.73 31.57 +2.20 22.86 + 0.54 29.04 + 0.24
WD + 0.25 SEN 22.23 4+ 0.56 35.16 + 0.53 34.71 +1.39 25.58 + 1.26 *+i# 30.27 + (.24
WD + 0.5 SFN 2135 +£0.45* 33.42 + 0.96 35.86 + 1.34 22.08 + 0.61 29.49 +0.18 #
CTR + 0.5 Chlo.a 23.08 + 0.49 34.48 + 1.59 36.71 +2.76 * 24.06 + 0.63 * 29.60 + 0.245 *
WD + 0.2 Chlo.a 21.51 +0.39 # 32.74 + 0.54 35.67 £+ 0.99 21.39 4+ 0.58 30.46 + 0.341 ####
WD + 0.5 Chlo.a 23.11 + 0.65 36.72 +1.43 % 36.57 £ 2.63* 22.59 + 0.57 29.76 + 0.194 *##

Mice were fed a Western control diet (CTR) or a Western diet + 0.2% cholesterol (WD) for 14 weeks. Experimental
groups were supplemented with sulforaphane (SEN; 0.25 or 0.5 mg/kg/day) or chlorophyll a (Chlo.a; 0.2 or
0.5 mg/kg/day) during the last 4 weeks of the study. Data are expressed as mean + SEM (n = 7). * p < 0.05,
** p < 0.01, different from CTR; # p<0.05% p<0.01, Hith p <0.001, i p <0.0001, different from WD. The differences
are relative to the values in the same column. One-way ANOVA followed by Dunnett’s multiple comparison test.

3.2. SEN and Chlo.a Improve Adipose Tissue Hypertrophy

Regarding the relative adipose tissue weight, the WD group showed the highest
epididymal (Figure 2A) and retroperitoneal fat weight (Figure 2B), although it was only
significantly different (p < 0.05) from the CTR group for the epididymal fat. Supplementa-
tion with SEN or Chlo.a showed a downward trend in the accumulation of epididymal and
retroperitoneal fat induced by the Western diet compared to the WD group, however it only
reached a significant difference (p < 0.05) in group WD + 0.2 Chlo.a (Figure 2A,B). Globally,
the number of adipocytes in groups fed the Western diet tended to be lower than in the
CTR group, being statistically significant (p < 0.05) for only the WD and WD + 0.5 SEN
groups (Figure 2C). As for the adipocyte volume and area (Figure 2D and 2E, respectively),
the supplementation with SFN or Chlo.a decreased (p < 0.0001) the adipocyte size in the
Western diet-fed mice. Accordingly, in the WD group, adipocytes with areas greater than
1000 um? represented the highest percentage, while in the other groups adipocytes with
areas between 500-1000 um? (Figure 2F) were the most frequent. Representative images of
adipose tissue are shown in Figure 3.

3.3. Glucose Tolerance and Lipid Profile

The intraperitoneal glucose tolerance test (IPGTT) was performed as there is a correla-
tion between obesity and glucose tolerance. The IPGTT was conducted in the last week of
the study. The blood glucose AUC analysis (Figure 4A) revealed no differences between
the various experimental groups, indicating that there was no development of glucose
intolerance in this animal model. Nevertheless, at the end of the study, regardless of SFN
or Chlo.a supplementation, all groups fed a Western diet showed the highest glycaemic
levels (Figure 4B), which were statistically different (p < 0.05) from CTR, showing no in-
fluence of SEN or Chlo.a treatment in plasmatic glucose levels. However, concerning the
plasma levels of TG, TC, HDL-c and estimated levels of LDL-c (Figure 4C-F), in general, no
significant differences were found between the experimental groups in our study, showing
no alterations induced by the diet or treatment.
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Figure 2. White adipose tissue weight and morphometric analysis of adipocytes. Mice were fed a
Western control diet (CTR) or a Western diet + 0.2% cholesterol (WD) for 14 weeks. Experimental
groups were supplemented with sulforaphane (SEN; 0.25 or 0.5 mg/kg/day) or chlorophyll a (Chlo.a;
0.2 or 0.5 mg/kg/day) only in the last 4 weeks of the study. Relative weight of (A) epididymal fat and
(B) retroperitoneal fat (C) number of adipocytes; (D) volume per adipocyte; (E) area per adipocyte;
and (F) relative frequency of adipocyte size (calculated based on adipocyte area). Data are expressed
asmean + SEM (n =7). * p < 0.05, ** p < 0.01, *** p < 0.0001, different from CTR; * p < 0.05, # p < 0.01,
### 1 < 0.001, ## p < 0.001, different from WD. One-way ANOVA followed by Dunnett’s multiple
comparison test.
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Figure 3. Exemplificative images of epididymal surrounding adipose tissue of animals from the
different experimental groups; (A) Western control diet (CTR); (B) Western diet + 0.2% choles-
terol (WD); (C) CTR supplemented with sulforaphane (SEN, 0.5 mg/kg/day); (D) WD supple-
mented with sulforaphane (SFN, 0.25 mg/kg/day); (E) WD supplemented with sulforaphane (SFN,
0.5 mg/kg/day); (F) CTR supplemented with chlorophyll a (Chlo.a; 0.5 mg/kg/day); (G) WD sup-
plemented with chlorophyll a (Chlo.a; 0.2 mg/kg/day); (H) WD supplemented with chlorophyll a

(Chlo.a; 0.5 mg/kg/day). a, adipocyte, CT, connective tissue; Ep, epididymal epithelium; arrowhead,

nuclei; arrow, blood vessel. Barr = 100 um.
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Figure 4. Glucose tolerance test, plasma glucose and lipid profile. Mice were fed a Western control
diet (CTR) or a Western diet + 0.2% cholesterol (WD) for 14 weeks. Experimental groups were
supplemented with sulforaphane (SFN; 0.25 or 0.5 mg/kg/day) or chlorophyll a (Chlo.a; 0.2 or
0.5 mg/kg/day) only in the last 4 weeks of the study. The IPGTT was performed at week 14. After
overnight fasting, mice were injected with a 50% glucose solution (2 g/kg, i.p.). Blood glucose
(mg/dL) was measured immediately before and 30, 60, and 120 min after the injection, then, glucose
concentration was expressed as a function of time and the area under the curve (AUC; mgxmin/dL)
was calculated. (A) Blood glucose area under the curve (AUC); (B) plasma glucose levels after
sacrifice (after 24 h of fasting); (C) total cholesterol (TC); (D) triglycerides (TG); (E) high-density
lipoprotein-cholesterol (HDL-c); (F) low-density lipoprotein-cholesterol (LDL-c). Data are expressed
as mean £+ SEM (n =7). * p < 0.05, * p < 0.01, *** p < 0.001, *** p < 0.0001, different from CTR;
##p <0.01, ¥ p < 0.001, different from WD. One-way ANOVA followed by Dunnett’s multiple

comparisons test.
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3.4. Effects of SFN on Liver Fatty Changes and Hepatic Oxidative Stress

In general, the groups fed with a Western diet, regardless of SFN or Chlo.a supplemen-
tation, had the highest relative liver weights, differing (p < 0.05) from the CTR group, that
showed the lowest value (Table 2). Also, all of the mice from the CTR and CTR + 0.5 SEN
groups presented a normal liver, while six animals in the WD and WD + 0.5 SEN groups
showed hepatic steatosis, differing statistically (p < 0.05) from the CTR group (Table 2).
The other groups supplemented with SFN or Chlo.a also showed liver alterations in some
of the animals but did not differ significantly from the CTR or WD groups. Nonetheless,
no statistical differences were observed among the groups regarding liver fat changes,
distribution of lesions and multifocal hepatitis (Table 2).

Table 2. Liver fatty changes and distribution of the lesions, multifocal hepatitis (%), and relative
weight of the liver at the end of the study.

Liver Fatty Changes Multifocal Liver Weight
Group Normal Diffuse Focal Hepatitis (mg/g bw)
CTR 7/7 (100%) 0/7 (0%) 0/7 (0%) 0/7 (0%) 35.95 +£0.23
WD 1/7 (14.3%) 5/7 (71.4%) 1/7 (14.3%) 2/7 (28.6%) 44.25 + 0.67 **
CTR + 0.5 SEN 7/7 (100%) 0/7 (0%) 0/7 (0%) 0/7 (0%) 38.50 + 1.31
WD + 0.25 SFN 3/7 (42.9%) 3/7 (42.9%) 1/7 (14.3%) 4/7 (57.1%) 4244 +£0.77 %
WD + 0.5 SFN 1/7 (14.3%) @ 5/7 (71.4%) 1/7 (14.3%) 4/7 (57.1%) 41.29 +2.00
CTR + 0.5 Chlo.a 5/7 (71.4%) 0/7 (0%) 2/7 (28.6%) 2/7 (28.6%) 37.93 £ 0.29*
WD + 0.2 Chlo.a 3/7 (42.9%) 4/7 (57.1%) 0/7 (0%) 5/7 (71.4%) 45.09 + 1.11 ***
WD + 0.5 Chlo.a 2/7 (28.6%) 4/7 (57.1%) 1/7 (14.3%) 5/7 (71.4%) 43.97 + 2.78 **

Mice were fed a Western control diet (CTR) or a Western diet + 0.2% cholesterol (WD) for 14 weeks. Experimental
groups were supplemented with sulforaphane (SEN; 0.25 or 0.5 mg/kg/day) or chlorophyll a (Chlo.a; 0.2 or
0.5 mg/kg/day) only in the last 4 weeks of the study. Data are expressed in number of animals and percentage
(n=7). 2 p <0.05 different from CTR according to Chi-square test. Relative liver weight data are expressed as
mean = SEM (n = 7). * p < 0.05, ** p < 0.01, ** p < 0.001, different from CTR; # p < 0.05, different from WD,
according to one-way ANOVA followed by Dunnett’s multiple comparisons test. Bw, body weight.

In our work, the oxidative stress was evaluated by the levels of OSI, ROS and LPO
(Figures 5A, 5B and 5C, respectively). Concerning OSI, expressed as the GSH/GSSG ratio, in
general, no differences among groups were found, with the only significant increase being
verified in the CTR + 0.5 Chlo.a group compared to the WD group. Also, no significant
differences were found between the experimental groups for the LPO, indicated by the
levels of MDA. In turn, the supplementation with SEN or Chlo.a, independently of the
diet increased (p < 0.05) the levels of hepatic ROS compared to the CTR or WD groups.
With regard to the hepatic antioxidant response, this was assessed by the levels of some
antioxidant enzymes, namely, SOD, catalase, GPx and GST. In the present work, liver SOD
activity was increased (p < 0.01) in the WD group and in all groups supplemented with SEN
or Chlo.a, independently of the diet, compared to the CTR group (Figure 6A). Contrary,
the levels of catalase, GPx and GST (Figure 6B, 6C and 6D, respectively) did not differ
significantly among the groups.
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Figure 5. Hepatic oxidative stress parameters. Mice were fed a Western control diet (CTR) or a
Western diet + 0.2% cholesterol (WD) for 14 weeks. Experimental groups were supplemented with
sulforaphane (SFN; 0.25 or 0.5 mg/kg/day) or chlorophyll a (Chlo.a; 0.2 or 0.5 mg/kg/day) only
during the last 4 weeks of the study. The levels of (A) the oxidative stress index (OSI), (B) reactive
oxygen species (ROS) and (C) malondialdehyde (MDA), an indicator of lipid peroxidation (LPO), were
evaluated in the liver. Data are expressed as mean + SEM (n = 7). * p < 0.05, ** p < 0.01, ** p < 0.001,
4% p < 0.0001, different from CTR; # p < 0.05, # p < 0.01, ## p < 0.001, ### p < 0.0001, different from
WD. DCE, dichlorofluorescein diacetate; GSH, reduce glutathione; GSSG, oxidized glutathione.



Obesities 2023, 3 277

A B

SOD Catalase
25 0.06
*kkk
20 *hkk
&= kil K gk £
@ — -
2 15 or s 0.04
o &
£ 10 E
2 5 0.02-
5 |_-r_|
0 T T 0.00
P S R I A ,\e @ Qe &
S ?;’o rt’% ?)e & 6& o & ) " .
«Qf QxQ' qxo" q_xQ' 0 on‘ ,&Q- o%' \:\QQ 2 ‘3 D D
< & o‘\ kY EX) < Y (}Q. {\0 *\0
GPx GST
£ 15+ c 41
2 .
s B
s & 34
£ 10 g
5 £
E € 24
T i
& 51 z
S o 11
-] [=]
£ E
€ 0 ] ; ;
> >
,3- & G}e— é(\\ & & ® %«“‘ 9«“ & &
) o & o q, © & &
& & NG & g 8P S 8
A 0 Q\ o A Q & * x x
¥} B3 O«Q' Q\O {§> < K 6\?‘ 4\0 ~‘§>

Figure 6. Hepatic antioxidant response. Mice were fed a Western control diet (CTR) or a Western diet
+ 0.2% cholesterol (WD) for 14 weeks. Experimental groups were supplemented with sulforaphane
(SFN; 0.25 or 0.5 mg/kg/day) or chlorophyll 4 (Chlo.a; 0.2 or 0.5 mg/kg/day) only in the last 4 weeks
of the study. The activity of (A) superoxide dismutase (SOD), (B) catalase (CAT), (C) glutathione
peroxidase (GPx), and (D) glutathione s-transferase (GST) were evaluated in the liver. Data are
expressed as mean £ SEM (n =7). ** p < 0.01, *** p < 0.001, *** p < 0.0001, different from CTR. One-
way ANOVA followed by Dunnett’s multiple comparison test. CDNB, 1-chloro-2,4-dinitrobenzene;
DCE, dichlorofluorescein diacetate; GSH, reduce glutathione; GSSG, oxidized glutathione.

4. Discussion

The present work evaluated the potential benefits of oral supplementation with SEN
or Chlo.a for 4 weeks, in animals fed a Western diet. The results obtained showed that
both compounds increased body temperature and reduced the size of adipocytes in obese
mice, nevertheless, failed in the prevention of body weight gain and hepatic steatosis.
Furthermore, both SFN and Chlo.a supplementation increased liver oxidative stress but
counterbalanced this with an increase in SOD activity. Although some studies have reported
the anti-obesogenic potential of SEN [17,22-24] or Chlo.a [28-32], in the present study, these
effects are not as evident.

A mouse obesity model can be considered successful when the weight of the obese
mice is more than 20% higher than that of control mice [61]. In our study, although the
difference in weight gain between the WD and CTR groups was not statistically significant,
the weight gain of WD mice was 22.9% higher than that of the CTR mice. The CTR + 0.5
Chlo.a group had the greatest weight gain, which may have been due to the high average
daily food intake. On the other hand, WD + 0.5 Chlo.a group did not have a significant
increase in weight gain compared to CTR, despite consuming the largest amount of food
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daily. Random assignment was used to avoid selection bias, however, it can result in
unequal allocation [62]. In our work, mice were randomly assigned, but this resulted
in significant initial body weight differences between the WD + 0.5 SFN and WD + 0.2
Chlo.a groups compared to the WD group. These differences between the groups may have
influenced results such as food intake or weight gain.

In general, in the present work, neither SEN nor Chlo.a effectively reduced diet-induced
weight gain. In the study of Huo and co-workers [63], SEN (5, 10 and 20 mg/kg/day) was
administered daily by gavage for 6 weeks to C57BL /6 male mice after 8 weeks of being
fed a HFD. In that study, and in accordance with our results, the treatment with SEN did
not decrease the body weight of mice [63]. Also, in another study, after 8 weeks of HFD
feeding, the oral administration of SFN (100 pmol/kg; three times per week for 6 weeks)
did not reduce the body weight of the HFD-obese C57BL /6] male mice [64]. On the other
hand, using a mouse model of Western diet-induced obesity, Shawky and collaborators [23]
demonstrated that daily subcutaneous injections of SEN (0.5 mg/kg/day; for 3 weeks)
significantly decreased weight gain by around 52% in C57BL /6] male mice after 5 weeks
of Western diet feeding. In the work of Liu and colleagues [22], the daily intraperitoneal
injections of SEN (10 mg/kg/day; for 36 days) attenuated HFD-induced weight gain in
female C57BL/6] mice. Similarly, Tian and colleagues [24], using male C57BL/6] mice
fed with a HFD, showed that the daily gavage of SEN (10 mg/kg/day; for 8 weeks) was
able to attenuate weight gain, without differences in the food intake. Also, Ashmawy and
co-workers [65] recently demonstrated that, after 6 weeks of HFD feeding, the daily oral
supplementation with SEN (0.5 or 1 mg/kg/day; for 6 weeks) significantly decreased the
HFD-induced weight gain in male Wistar rats. The work of Cakir and collaborators [66]
also demonstrated that HFD-fed C57BL/6] mice daily injected with SEN (10 mg/kg) for
8 consecutive weeks, showed a reduction in the weight gain induced by the HFD. Recently,
Zhang and colleagues [67], demonstrated that subcutaneous injections of SEN (0.5 mg/kg;
5 times a week and for 8 weeks) significantly decreased weight gain in male ICR mice
after 8 weeks of HFD feeding, without changes in food intake. Concerning Chlo.a data,
contrary to our results, Li and colleagues [33] demonstrated that supplementation with
chlorophyll extract from spinach (18 mg/kg/day; daily gavage for 13 weeks), in early life
male C57BL/6] mice can effectively retard body weight gain induced by a HFD. In another
study, the same authors also showed that oral supplementation with a chlorophyll-rich
spinach extract (18 mg/kg/day; daily gavage for 13 weeks) in male C57BL/6] mice that
were fed a HFD significantly attenuated the weight gain induced by HFD [34].

We report that the supplementation with SEN or Chlo.a significantly elevated the
body temperature of mice fed the Western diet compared to WD group. In the study
of Nagata and co-workers [68], male C57BL/6]Slc mice fed with a HFD containing 0.3%
glucoraphanin, the precursor of SFN, for 14 weeks, had an increase in core body temperature
by approximately 0.5 °C. This was consistent with the increase in energy expenditure and
a similar respiratory exchange ratio compared to the HFD group, leading the authors
to suggest that glucoraphanin supplementation enhanced sugar and fat use under HFD
conditions [68]. The supplementation with ginseng had also been shown to induce an
increase in body temperature in mice fed a HFD, however, energy expenditure, respiration
rate, and locomotive activity were not significantly altered [69]. Body temperature is
usually lower in obese individuals than in non-obese individuals [70-72]. Individuals with
more efficient metabolic characteristics have a lower capacity to dissipate energy and store
a greater proportion of excess calories in the form of fat, being prone to obesity, while,
conversely, those whose metabolism is less efficient dissipate more calories in the form
of heat [73]. Under starvation, one of the physiological responses to conserve energy is a
decrease in metabolic rate, leading to more efficient storage of calories as fat, however, this
characteristic would predispose to obesity in the face of excess food [73]. During starvation,
body temperature also declines, contributing to the decrease in metabolic rate observed in
this state [74]. Also, during torpor in mammals, the decrease in metabolic rate is caused
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by the decrease in temperature [75,76]. On the other hand, an increase of 1 °C in core
temperature is associated with a 10 to 13% increase in metabolic rate [77,78].

In our work, supplementation with SEN or Chlo.a for 4 weeks did not significantly
reduce Western diet-induced epididymal and retroperitoneal fat accumulation, although
both compounds were able to mitigate adipose tissue hypertrophy. In accordance, the
study from Shawky and co-workers [23] demonstrated that Western diet-induced obese
mice supplemented with SFN showed a decrease in epididymal fat weight by around
19.8% but without reaching statistical significance. Nevertheless, SFN treatment was able
to significantly reduce the adipocyte area by around 19.3% compared with the Western
diet group [23]. The work of Liu and colleagues [22] with HFD-fed mice demonstrated that
SFN supplementation reduced the weight of the inguinal fat pad, as well as the cell sizes
of inguinal and visceral fat adipose tissues. Other recent studies also showed that SFN
prevented the accumulation of adipose tissue, reduced the adipocyte size and increased
the adipocyte number in mice fed a HFD [24,66,67]. In the study of Li and co-workers [33],
chlorophyll supplementation in the early lives of HFD-fed mice ameliorated the weight
gain of the epididymal, perirenal and inguinal white adipose tissue. Also, HFD-fed mice
supplemented with a chlorophyll-rich spinach extract showed a significant decrease in the
accumulation of epididymal, perirenal and inguinal adipose tissues [34]. Obesity-mediated
inflammation in adipose tissue was not addressed in our work. Nevertheless, previous
studies demonstrated that obesity is linked to higher levels of pro-inflammatory cytokines
in adipose tissue and liver, leading to insulin resistance and non-alcoholic fatty liver disease
(NAFLD) [79,80]. Glucoraphanin supplementation was reported to markedly reduced the
increase of pro-inflammatory cytokines in the liver, suppress inflammatory pathways, and
decrease hepatic expression of macrophage markers induced by HFD [68]. Glucoraphanin
treatment also decreased the mRNA expression of Tnf-o and NADPH oxidase and the
number of M1-like macrophages in the epididymal adipose tissue of HFD-fed mice [68].
Recently, another ex vivo and in vitro work demonstrated that SFN reduced the release of
the pro-inflammatory cytokines TNF-« and IL-6, and myeloperoxidase from azurophilic
granules in whole blood, and was able to suppress the phagocytic activity of neutrophils,
as well as the production of ROS in whole blood and neutrophils [21]. In turn, chlorophyll
supplementation significantly decreased the serum levels of LPS and TNF-« in HFD-fed
mice [33,34].

In our work, IGTT was only measured at week 14 at the end of the experiment, as in
similar studies [22,24,33,34,67]. The objective was to compare only the differences between
treatments at the end of the study. However, an initial measurement at week 10, before the
start of supplementation, could have provided additional information, as well as taking
into account phenotypic differences in the blood glucose concentrations of each mouse.
In our animal model, glucose intolerance did not develop. Furthermore, SEN or Chlo.a
supplementation was not able to reduce glycemia in animals fed a Western diet. Also,
in general, no changes were observed in the lipid profile of the experimental groups,
despite Western diets having been reported to induce dyslipidaemia [23,81]. Other studies
demonstrated that supplementation with SFN successfully ameliorated glucose intolerance
and the plasma lipid profile of obese mice [19,22-24,64—66]. The work of Shawky and
colleagues [23] demonstrated that in diet-induced obese mice, SEN significantly improved
the metabolic parameters, including glucose tolerance, with a reduction in the AUC GTT
by around 24%, and plasma lipid profile. Although SEN treatment did not affect TC levels,
it significantly decreased TG and very low-density lipoprotein cholesterol (VLDL-C) levels
by around 31.1%. SEN also decreased the levels of LDL-c (by 16.3%), LDL-c/HDL-c ratio
(by 23.4%), non-HDL-c (by 18.6%) and free fatty acids (by 49.1%) and increased HDL-c
levels (by 1.1-fold); however, these changes were not statistically significant compared with
the obese group [23]. Also, in another study with HFD-fed mice, the oral administration
of SFN improved glucose tolerance and reduced significantly the serum concentration
of glucose, TC and LDL-c [24]. In the work of Zhang and co-workers [67], the treatment
with SEN in HFD-fed mice significantly improved glucose homeostasis, and lowered the
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serum levels of TC, TG, LDL-c and FFA as well as the hepatic levels of TC and TG. The
work of Ranaweera and co-workers [19] demonstrated that the daily administration of SFN
(0.5 mg/kg) in drinking water for 6 weeks significantly reduced the content of TG, LDL-c,
TC, and glucose in the serum of male ob/ob mice. Also, chlorophyll supplementation
in early life was shown to improve glucose tolerance in HFD-fed mice [33]. Likewise,
the treatment with chlorophyll-rich spinach extract significantly decreased fasting blood
glucose, improved glucose tolerance, and significantly decreased plasma TC and TG, and
increased HDL in HFD-fed mice [34]. However, in the work of Freitas and colleagues [29],
in the zebrafish Nile red fat metabolism assay, after 48 h of zebrafish larvae water exposure
to chlorophyll a and b (0.3125 to 10 ng/mL), the results showed that both compounds have
no lipid-reducing activity, in contrast to chlorophyll a derivatives 13>-hydroxy-pheophytin
a and 132—hydroxy—pheofarnesin a (0.3125 to 10 pg/mL) which had an effect [29].

The development of fatty changes in the liver, also known as hepatic steatosis, is
common in diet-induced obese mice [22,24,68,82]. In the present work, the supplementation
with SEN or Chlo.a failed to reduce the increase in liver weight and hepatic steatosis induced
by the Western diet. In a study by Li and collaborators [33], chlorophyll supplementation
in early life of HFD-fed mice also had no beneficial effect on reducing liver weight. Other
studies reported that the treatment with SEN was able to mitigate the liver steatosis caused
by a HFD in mice [22,24]. Also, glucoraphanin supplementation was reported to attenuate
the increase in liver weight and hepatic steatosis induced by HFD [68]. Previous work
also showed that SFN supplementation improved hepatic steatosis in ob/ob mice [19]. To
our knowledge, the effects of chlorophyll on liver fat changes caused by obesity have
not yet been reported. Concerning hepatic oxidative stress, in our study, the Western
diet per se seemed to have no effect, while SEN or Chlo.a appeared to exacerbate it. The
pharmacological actions of SEN in vitro and in vivo are cell/tissue type dependent [25].
In fact, SFN is an indirect antioxidant and inducer of antioxidant response element (ARE)
genes, however, SFN may have a pro-oxidant action. In cancer cell lines, exposure to
SEN has been shown to induce an increase in ROS levels leading to cell death [83-85].
Contrariwise, in obesity studies, SFN administration in mice has been shown to prevent
increased levels of hepatic MDA by HFD [24,63,67]. To our knowledge, no study has
reported the ability of Chlo.a to increase ROS levels. In fact, chlorophyll has been shown to
attenuate oxidative stress [27,51,86]; however, research on the potential antioxidant activity
of natural chlorophylls is still scarce. Since the levels of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were not evaluated in the present study;, it is not
possible to draw conclusions about the hepatotoxic potential of SEN or Chlo.a. In fact,
SEN or glucoraphanin supplementation have been shown to significantly attenuate the
HFD-induced increase in serum ALT and AST [67,68]. Regarding the hepatic antioxidant
response, SFN or Chlo.a supplementation increased SOD activity in almost all groups,
having no effect on the remaining antioxidant enzymes analysed. Accordingly, in the work
of Huo and co-workers [63], the administration of SEN in HFD-fed mice also augmented
the levels of SOD activity, but catalase levels remained similar between the experimental
groups. In the study of Tian and collaborators [24], SOD activity was also increased in
HFD-fed mice administered with SFN. Although no studies with chlorophyll effects in
liver oxidative stress has been reported, an in vitro study showed that the incubation of
Ap1-42-treated PC12 cells with chlorophyll a resulted in the reduction of oxidative stress
and increased the expression of antioxidant enzymes, namely GSH, SOD2 and glutathione
reductase [87]. In general, in our study, the administration of SEN or Chlo.a stimulated
hepatic ROS production and SOD activity, suggesting that both compounds may exert
pro-oxidant actions at the doses administered, but counteract with an antioxidant response.

Some results presented in our work were not consistent with those reported in previ-
ous studies. Differences between experimental designs may contribute to this. The lack
of standardization in terms of the composition of diets and feeding protocols between
studies is one limitation of these type of research. This usually results in inconsistent and
irreproducible data, thus leading to differences in experimental results obtained between
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similar studies [88]. In fact, a recent systematic review shows that hypercaloric diets per
se can inflict changes in oxidative stress markers, depending on their composition and
duration of feeding protocols [89]. Furthermore, the heterogeneity may depend on the type
of obesity model, strains or rodent species, and the treatment (dosage, route of administra-
tion, and duration). Although, in a recent systematic review and meta-analysis concerning
the benefits of SFN in animal models of obesity, the authors stated that the variability
among studies are not explained by the differences in disease models, species, SEN dosage,
administration route and time of treatment [17]. In our animal model, some obesogenic
effects were not so prominent, which could also mask the potential beneficial effects that
SEN or Chlo.a could exert. Actually, some animals may be obesity-resistant [64,90], which
accounts to a limitation of the present work. Stress is interrelated with obesity, but there
are interindividual variations in this complex relationship [91]. It is known that stress influ-
ences eating behaviours and energy homeostasis in both humans and rodents, and these
changes can range from an increase in food intake to a decrease in calorie consumption and
body weight loss [92]. The route of administration of experimental compounds is one of
many external sources of stress inflicted on animals, and it is not clear whether in some
obesity studies the stress induced by the administration is not altering the final observation.
Potentially, some research animal models, namely those that require immobilization, for
example the injectable and gavage routes of administration, may induce higher levels of
stress compared to techniques that use less animal restraint. Although oral gavage increases
heart rate, blood pressure and corticosterone levels, it has been reported that mice and rats
can adapt to this method within a few days by habituation to restraint and gavage, or by
using a soft gavage tube or coating the gavage needle with sucrose solution [93]. However,
the risks of oesophageal and gastric rupture, gastric distention, aspiration pneumonia and
death should not be ignored [93-96]. In this study, as in similar studies [22,24,33,34,67],
animals were group-housed, making it difficult to determine the exact individual food
intake, thus ignoring phenotypic differences in the food intake of each mouse. Furthermore,
there is always some food that falls into the cage and is wasted. More accurate individual
food intake could have been achieved with individually housed animals. However, mice
are social animals that should be grouped together, especially in long studies, to avoid
compromising animal welfare [52,53]. However, all groups are in the same conditions
and food consumption calculations end up reflecting an estimate. Furthermore, stress and
behaviour-induced bias are reduced with this design. Another limitation of the preclinical
models themselves is that the results cannot be directly interpolated to humans, from the
complexity of human diseases that cannot be expressed exactly, to the metabolic differences
between species that influence the effective doses [97].

5. Conclusions

In the present study, supplementation with SFN or Chlo.a had slight improvements
against obesity by rising body temperature and reducing the area and volume of adipocytes.
Although, neither SFN nor Chlo.a was able to prevent Western diet-induced hepatic steato-
sis. In addition, SEN or Chlo.a may also exert pro-oxidant actions in the liver at the doses
administered. Further analyses are needed to clarify the potential benefits of both com-
pounds in this animal model of obesity. Similar to other works that tested these compounds
after the development of obesity, in the present work we also tested a therapeutic approach
which mimics human behaviour in the sense that many people tend to act only after becom-
ing aware of the problem they face. Future research should focus on a preventive approach
by administering the SEN or Chlo.a from the start of the experimental diets, or testing
higher doses, which may reveal more pronounced anti-obesity effects of these compounds
than those reported in this work.
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