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Abstract
Obesity is defined as having an excess of adipose tissue and is associated with the development of diabetes, hypertension, 
and atherosclerosis, which are the main causes of death worldwide. Research shows that probiotics and prebiotics reduce 
the metabolic alterations caused by high-fat diets. Therefore, this work evaluated the effect of the incorporation of Lactoba-
cillus acidophilus (probiotic) and inulin (prebiotic) in the diet through obesity markers (biochemical, anthropometric, and 
molecular markers) in an obese murine model. Four treatments were administered: (1) hypocaloric diet (HD), (2) HD + L. 
acidophilus, (3) HD + inulin, and (4) DH supplemented with L. acidophilus + inulin for 8 weeks. After treatment, glucose, 
triglycerides, total cholesterol, HDL-C, and LDL-C in plasma were determined. In addition, the total body weight and adi-
pose tissue were taken to calculate the body mass index. Following RNA extraction from adipose tissue, the expression of 
PPAR gamma, PPAR alpha, and transforming growth factor beta 1 (TGF1β) was evaluated by semiquantitative PCR. All 
treatments showed an improvement in biochemical markers compared to the values of the obese model (p < 0.05). Optimal 
values for blood glucose (133.2 ± 14.3 mg/dL), triglycerides (71 ± 4.6 mg/dL), total cholesterol (48.9 ± 6 mg/dL), HDL-C 
(40.9 ± 4.8 mg/dL), and LDL-C (8.4 ± 1.7 mg/dL) were obtained in the mixed treatment. Regarding fat mass index (FMI), 
prebiotic treatment caused the greatest reduction. On the other hand, mixed treatment increased the gene expression of 
PPARα and TGF1β in adipose tissue with DH with L. acidophilus and inulin treatment. This work demonstrates that the 
use of L. acidophilus and inulin as a complementary treatment is a viable alternative for prevention and action as a comple-
mentary treatment for obesity given the reduction in biochemical parameters and anthropometric indices; these reductions 
were greater than those found in the classic treatment of obesity due to the induction of the expression of genes related to 
lipid metabolism and anti-inflammatory cytokines, which contribute to reducing the high levels of glucose, triglycerides, 
and cholesterol caused by obesity.
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Introduction

Obesity is a high accumulation of fat mass in the body and 
is considered when adipose tissue is > 20% of one’s body 
weight in men and > 33% in women [1]. Obesity is asso-
ciated with the development of diabetes, hypertension, 

dyslipidaemia, atherosclerosis, and coronary diseases, which 
are the main causes of death by disease worldwide [2]. The 
development of obesity is influenced by genetic and envi-
ronmental factors.

The activation of peroxisome proliferator-activated receptor-
gamma (PPARγ) regulates lipid metabolism in adipocytes, par-
ticipates in the control of oxidative stress and inhibits apopto-
sis, maintains endothelial function, cell proliferation, and cell 
differentiation, and enhances insulin signalling and glucose 
transport [3, 4]. Another member of the family of peroxisome 
proliferator-activated receptors is isotype alpha (PPARα); its 
function is to regulate the expression of genes involved in fatty 
acid metabolism and adipocyte differentiation, and it can inhibit 
certain inflammatory genes, having an antiobesity effect when 
it is activated by its agonists, including fatty acids [5–8]. On 

 * Florinda Jiménez-Vega 
 fjimenez@uacj.mx

1 Departamento Ciencias Químico-Biológicas, Instituto de 
Ciencias Biomédicas, Universidad Autónoma de Ciudad 
Juárez, Ciudad Juárez, México

2 Departamento de Ciencias de La Salud, Instituto de Ciencias 
Biomédicas, Universidad Autónoma de Ciudad Juárez, 
Ciudad Juárez, México



 Probiotics and Antimicrobial Proteins

1 3

the other hand, transforming growth factor beta 1 (TGF1β) is 
considered a multipotential or conditional cytokine since it can 
have both anti-inflammatory and pro-inflammatory effects [9]. 
In addition, it has been reported that it can be a negative regula-
tor of adipogenesis via its ability to reduce the signalling of the 
SMAD superfamily [10].

Another factor influencing the development of obesity as 
well as its treatment is the intestinal microbiome. Changes in 
energy metabolism, lipid accumulation, and increased inflam-
mation [11] can modulate both the increase in inflammatory 
factors that contribute to the development of the consequences 
of obesity [12] and the catabolism of glucose and lipids [13].

In recent years, the use of prebiotics and/or probiotics 
has been studied as a viable alternative for the treatment of 
obesity due to their effects on the host’s metabolism. Prebi-
otics such as fructooligosaccharides or fructose polysaccha-
rides (inulin) are nondigestible compounds that stimulate 
the growth or activity of the microbiota; probiotic microor-
ganisms can be deliberately added in adequate amounts to 
one’s diet. Together, they can confer a benefit to the health 
of the host [14].

It has been reported that the use of probiotics (L. casei, L. 
rhamnosus, L. acidophilus, B. bifidum, L. plantarum, etc.) 
and prebiotics as diet supplements (high-fat diet) can modify 
and improve biochemical parameters such as glucose and 
lipids, as well as changes in body fat mass, insulinaemia, 
and leptinaemia [15–18]. It is not clear what effects these 
supplements can have in an obese model under dietary for 
weight reduction.

Therefore, in this study, the effect of a hypocaloric diet 
supplemented with L. acidophilus (probiotic) and inulin 
(prebiotic) on molecular markers (PPARγ, TGF1β, PPARα), 
and metabolic parameters (biochemical and body composi-
tion) in an obese murine model was evaluated.

Materials and Methods

Murine Model

An animal model of 50 C57BL/6 male mice of mature adult 
age (5–8 weeks) was used. The use of the animal model 
was realized by applying the Guide for the Care and Use 
of Laboratory Animals by the National Research Council 
and approved by the bioethics committee of the Universidad 
Autónoma de Ciudad Juárez (CIBE-2018–1-01).

Intervention

The intervention was carried out in 2 phases for a total of 
16 weeks. Phase 1 spanned from week 1 to week 8, while 
phase 2 spanned weeks 9 to 16.

Phase 1: Obesity Induction. During this phase, 45 mice 
were administered diet-induced obesity (DIO), which was 

characterized by a contribution of 48% energy from fat (from 
lard), 15% from proteins, and 36% from carbohydrates, with 
17% being simple sugars. The kilocalories per gram of food 
were 4.5 kcal/g. This diet was based on hypercaloric foods 
used in other studies [19, 20]. Food was given continuously 
(approximately 10 g per day) under regulated temperature 
(19–24 °C) and 10 h of light and 14 h of dark conditions. For 
the control group, 5 mice were given an iso-energetic diet 
characterized by a contribution of 27% protein energy, 26% 
fat, and 47% carbohydrates, with only 6% simple sugars. The 
kilocalories per gram of food was 3.7 cal/g. This diet was 
designed based on the maximum protein requirements and 
minimum sugar and fat requirements for mice [21].

Every day, the food was weighed, both the amount 
assigned for consumption and that left over, to obtain the 
daily net consumption. After 8 weeks, 5 individuals from the 
DIO group and 5 individuals from the control group were 
sacrificed to obtain baseline results.

Phase 2: Experimental Treatments. After obesity induc-
tion, the remaining 40 individuals were divided into 4 groups 
of 10 mice each, which were randomly assigned to one of 
the four different treatments. For all individuals, the same 
hypocaloric diet was used as a base of treatment (the one that 
functioned as an iso-energetic diet during the first phase of 
treatment). The treatments were (A) hypocaloric diet (HD), 
(B) HD + probiotic (L. acidophilus), (C) HD + prebiotic 
(inulin), and (D) HD + probiotic + prebiotic.

The quantity of inulin given to the mice was the equiva-
lent of the maximum consumption of 15 g of inulin for a 
70-kg person, in a mouse with a maximum weight of 55 g 
[22]. For the probiotic (commercial product of Gelpharma 
Lab), ~ 109 CFU L. acidophilus per 100 g of food was added 
as a treatment [23]. The food was mixed with probiotics and/
or prebiotic to obtain a dry mixture. All the treatments were 
administered for a period of 8 weeks.

Sample Collection

At the end of each treatment period, epididymal adipose 
tissue and blood extraction was performed. At week 12 (cor-
responding to the middle of phase 2), the first sampling was 
carried out following the sacrifice of 5 individuals per treat-
ment for the evaluation of results. At the end of 16 weeks 
(end of phase 2), the rest of the mice from the different treat-
ments were sacrificed. To sacrifice the animals, Zelazol (tile-
tamine and zolazepam) was applied at a ratio of 30 mg per 
1 kg of weight by intramuscular injection to each mouse.

Target Organ Dissection. The abdominal area was cleaned 
with 70% ethanol. An incision was then made with a sterile 
scalpel in the abdominal and thoracic areas. Epididymal tis-
sues were located, placed in crucibles, and weighed on an 
analytical balance.
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Blood Collection. Blood collection was performed by 
cardiac puncture using 3-mL plastic syringes. The collected 
blood was immediately placed in 4-mL Vacutainer™ tubes 
with ethylenediaminetetraacetic acid (EDTA) as an antico-
agulant. The blood was refrigerated at 4 °C until analysis.

Anthropometric Evaluation

During each of the phases, the daily weight of the mice 
was measured in grams with an analytical balance, and the 
nasoanal length was measured in centimetres with a tape 
measure. The FMI (fat mass index) was calculated from the 
weight in grams of epididymal adipose tissue divided by the 
square of the length in centimetres.

Biochemical Evaluation

The blood samples were centrifuged at 3000 × g for 10 min 
to obtain plasma. From the plasma, a biochemical profile 
was made that included the quantification of glucose, tri-
glycerides, total cholesterol, HDL cholesterol (HDL-C), and 
LDL (LDL-C). All analyses were performed by colorimet-
ric methods using kits from SPINREACT. The analysis of 
the biochemical parameters was performed in a microplate 
reader. Its absorbance was measured on a Bio-Rad Bench-
mark Plus System microplate spectrophotometer.

Absorbance readings for glucose, triglyceride, and total 
cholesterol reactions were measured at 505 nm. The absorb-
ance was compared against a standard reaction of known 
concentration to determine the concentration of glucose, tri-
glycerides, or total cholesterol present in the sample [24, 26, 
27]. The wavelength used to read the absorbance of LDL-C 
and HDL-C was 600 nm. These reactions were also com-
pared against a standard reaction [25, 27].

RNA Extraction and Complementary DNA Synthesis

From the target organ (epididymal adipose tissue), RNA 
extraction was performed using the TRIzol technique fol-
lowing the manufacturer’s instructions and quantified using 
NanoDrop 2000 Thermo Fisher equipment.

After obtaining RNA, cDNA synthesis was performed 
using the ImProm-II Promega reverse transcription system. 
For this, 1000 ng of RNA, 1 μL of Oligo dT, 4 μL of mag-
nesium chloride, 4 μL of ImProm-II 5 × Reaction Buffer 
(250 mM Tris–HCl pH 8.3, 375 mM KCl, and 50 mM DTT), 
2 μL of mix of dNTP, 0.5 μL of RNase inhibitor, and 1 μL 
of reverse transcriptase were used, at a final volume of 25 
µL. The reverse transcription reaction conditions were 25 °C 
for 5 min, 42 °C for 60 min, 70 °C for 15 min, and 4 °C until 
use or storage.

Evaluation of Gene Expression

An evaluation of the PPARγ genes (as pro-inflammatory 
and obesity-causing agents) and TGF1β and PPARα genes 
(as anti-inflammatory and anti-obesity agents) was per-
formed. Gene expression was evaluated by semiquanti-
tative polymerase chain reaction (PCR) using specific 
primers for each of the genes of interest. An original set 
of primers for PPARγ and TGF1β was designed based 
on sequences with the following accession numbers: 
NM_001127330.2 and NM_011577.2, respectively. The 
specific primer sets for the target genes were as follows: 
PPARγ, forward primer 5′CAA CAG GCC TCA TGA AGA 
AC3′, reverse primer 5′TTT GTG GAT CCG GCA GTT 
AAG3′; TFG1β, forward primer 5′GCG GAC TAC TAT GCT 
AAA GAG3′, reverse primer 5′CTT CCC GAA TGT GTG 
ACG 3′, while for PPARα, the primers were reported by 
[28]. For the constitutive 18 s gene, the primers reported 
by [29] were used.

Photo Documentation/Densitometry and Statistical 
Analysis

The PCR products were loaded in a 1.8% agarose gel and 
electrophoresed at 100 V for 30 min. The analysis of the 
gels was carried out at 1.5 and 2.5 s of exposure to UV 
light using the EDAS 290 Kodak program. Densitometric 
analysis was performed to obtain the net intensity of the 
bands to subsequently obtain the relative expression of each 
group to be analysed, which was obtained by dividing the 
net intensity of the gene of interest by the net intensity of 
the 18S rRNA gene.

Statistical Analysis

All the results were analysed in SPSS version 23.0 for Mac 
(IBM Corp., Armonk, NY, USA). Normality (Shapiro‒
Wilk) and variance homogeneity (Levene) tests were per-
formed to check the normality of the data. Subsequently, a 
Student’s T test was performed from independent samples 
for the comparison of means between the control group 
against the DIO group of all the variables obtained (final 
total weight of phase 1, adipose tissue weight, FMI). Stu-
dent’s t test was also used to compare the weight decrease 
of the different groups during the second phase (4 differ-
ent treatments were used). To compare the effect of all the 
treatments among themselves and against the DIO group, 
an analysis of variance (ANOVA) was performed to see if 
there were differences between the treatments, in terms of 
both weight and biochemicals. Likewise, a Tukey test was 
carried out to determine which of the treatments had the best 
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results. In all the analyses carried out, only those results with 
p < 0.05 were considered to be significantly different.

Results

Weight Results

The data of the averages of total body weight, epididymal 
adipose tissue weight, and FMI during the all-time bioassay 
are presented in Table 1. As expected, the DIO treatment 
showed a significant difference concerning the control group 
in all the parameters valued. The analysis of the effect of 
the treatments (phase 2) was divided into two periods of 
time, 12 weeks and 16 weeks. The total body weight in all 
treatments was decreased, but there was no significant differ-
ence between treatments, with treatment A having the low-
est weight. Therefore, all treatments achieved a significant 
weight reduction equal to that at the beginning.

Regarding the weight of the epididymal adipose tissue 
and FMI, all treatments showed a reduction compared with 
the DIO group during the period analysed. The FMI corre-
sponding to treatments A and D (hypocaloric diet + L. aci-
dophilus + inulin) presented a greater reduction at 12 weeks 
of treatment. For the epididymal adipose weight, treatments 
A and D presented the lowest values at 12 weeks compared 
to the DIO control, with no significant difference between 
treatments.

Biochemical Results

The results of the analysis of biochemical parameters are 
shown in Table 2. During the first phase (DIO), increases 
were observed in all the biochemical parameters evaluated 
compared to the control group.

In the second phase, all treatments showed a reduction 
effect on glucose, triglycerides, and total cholesterol val-
ues compared to the DIO group. A higher hypoglycaemic 
effect was observed in treatment C (hypocaloric + inulin) 
at 12 weeks. By 16 weeks, all the treatments supplemented 
with probiotic, prebiotic, or both showed lower blood glu-
cose values compared with the A treatment (hypocaloric 
diet) at 16 weeks, which indicates a hypoglycaemic effect 
of the treatments, mediated by the hypocaloric diet but 
enhanced by the presence of L. acidophilus and inulin.

For triglycerides, treatment C presented the lowest tri-
glyceride values (50.9 ± 6.9 mg/dL). However, treatments 
A (hypocaloric diet) and B (hypocaloric diet + L. acido-
philus) did not show significant differences concerning 
treatment C.

A reduction in total cholesterol was observed in all treat-
ments, with treatment A showing the highest effect with the 
lowest value (39.8 ± 5.7 mg/dL). The analysis showed no 
differences between treatment B and treatment A. Treatment 
A also presented the lowest amount of HDL-C, decreas-
ing the values from 119.8 ± 8.9 mg/dL to 34.0 ± 6.5 mg/dL. 
Because HDL-C transports cholesterol to the liver, it needs 
to be maintained in greater proportion. In contrast, treatment 
B maintained higher values of HDL-C than the other treat-
ments over time. It is important to note that treatments C 
and D did not show significant differences against treatment 
B. Therefore, L. acidophilus can help to reduce cholesterol 
without harming serum HDL-C levels.

Finally, all treatments showed a reduction in LDL-C at 
16 weeks, but treatment D showed the greatest reducing 
effect. Treatments B and C did not show significant differ-
ences compared to group D. This finding suggests a symbi-
otic effect between L. acidophilus and inulin to generate the 
lowest LDL-C value, but they also influence individually to 
a lesser extent.

Table 1  Effect of the treatments 
on total body weight, 
epididymal adipose tissue 
weight, and fat mass index

DIO diet-induced obese control group, A hypocaloric diet-HD, B HD + L. acidophilus, C HD + inulin, D 
HD + L. acidophilus + inulin
*Significative difference; n = 5 per group

Total body weight (g) Fat mass index (g/cm2) Epididymal adipose 
tissue (g)

Control 25.440 ± 1.270 0.014 ± 0.002 0.690 ± 0.060
DIO 42.070 ± 2.510* 0.013 ± 0.001* 3.240 ± 0.390*
A 12 weeks 28.599 ± 1.65 0.012 ± 0.002 1.07 ± 0.16

16 weeks 26.278 ± 1.12 0.009 ± 0.002 0.75 ± 0.2
B 12 weeks 33.854 ± 2.80 0.018 ± 0.002 1.69 ± 0.27

16 weeks 28.756 ± 2.93 0.013 ± 0.006 1.12 ± 0.49
C 12 weeks 30.66 ± 2.56 0.018 ± 0.005 1.58 ± 0.49

16 weeks 28.034 ± 2.83 0.010 ± 0.003 0.92 ± 0.29
D 12 weeks 32.027 ± 3.58 0.014 ± 0.002 1.28 ± 0.25

16 weeks 28.99 ± 3.03 0.013 ± 0.003 1.15 ± 0.36
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It is important to note that cholesterol and its fractions, 
after 12 weeks of treatment, had a reduction of more than 
50% compared to the DIO group, and in some cases, the 
values were close to or even lower than the control group. 
For glucose and triglycerides, it took more than 12 weeks 
of treatment to achieve a reduction of 50% compared to the 
DIO group, but at 12 weeks, the values were similar to those 
of the control group. It is also interesting that for triglycer-
ides, cholesterol, and C-LDL, the values were even lower 
than normal values reported in the literature.

Although treatment D did not present the lowest values 
for some parameters, its means did not have significant dif-
ferences against the groups that showed the lowest values in 
the parameters evaluated. It is important to note that treat-
ment D presented the lowest value for LDL-C cholesterol 
and maintained the highest value for HDL-C cholesterol. 
The results indicate that the weight change, FMI, HIS, and 
biochemicals are mainly mediated by the hypocaloric diet, 
which was the base treatment for all. However, the addi-
tives to the treatment (L. acidophilus and inulin) showed 
important participation in the regulation of the serum values 
of glucose, triglycerides, and cholesterol, since the lowest 
values were found in these groups.

Gene Expression in Epididymal Adipose Tissue

The analysis of the expression of genes of interest in epididy-
mal adipose tissue is shown in Fig. 1. No significant differ-
ences in the gene expression of PPARγ were found in phase 
1, and a difference in phase 2 of treatment (12 and 16 weeks) 
was found in a significant reduction in its gene expression 
in all treatment groups at 12 and 16 weeks. Nevertheless, at 
4 weeks, it was observed that treatment D tended to maintain 

greater expression. On the other hand, the greatest reduc-
tion in PPARγ expression was observed in treatment B at 
16 weeks.

The gene expression of PPARα showed an increase at 
12 weeks of phase 2, especially for treatment D (5.2 of rela-
tive expression), with a significant difference compared to 
the DIO group. However, by 16 weeks of treatment, PPARα 
expression was reduced for all treatments, but this may be 
associated with the reduction in adipose tissue and biochem-
ical values.

Finally, the gene expression for TGF1β presented an 
increase in treatments B and D at 12 weeks (3.0 and 5.5, 
respectively), but only treatment D showed a significant 
difference. However, as time continued, a decrease in its 
expression was observed. Interestingly, by 16 weeks of treat-
ment, the lowest value was also observed in treatment D (1.4 
of relative expression).

Discussion

The present work was carried out to determine the role of 
L. acidophilus and inulin in lipid metabolism. Therefore, 
during the first phase (1–8 weeks), an obese murine model 
was developed. Hyperglycaemia, hypertriglyceridaemia, and 
hypercholesterolemia were observed due to the Western-
style diet administered. Hyperglycaemia is due to defects in 
insulin signal transduction, resulting in decreased glucose 
uptake by muscle, impaired lipogenesis, and increased glu-
cose production by the liver [31]. This diet also causes a 
decrease in leptin sensitivity, leading to increased fatty acid 
synthesis and decreased lipolysis [32].

Table 2  Results of biochemical parameters of the different treatments during the bioassay

Values were expressed in means ± SD of 5 five mice in each group. Different lowercase letters in each parameter indicated significant differences 
(p < 0.05).
DIO diet-induced obese control group, A hypocaloric diet-HD, B HD + L. acidophilus, C HD + inulin, D HD + L. acidophilus + inulin

Phase Treatment Glucose (mg/
dL)

Triglycerides 
(mg/dL)

Cholesterol 
total (mg/dL)

Cholesterol 
HDL (mg/dL)

Cholesterol LDL 
(mg/dL)

Phase 1 Control 169.4 ± 16.4bc 73.1 ± 4.4bc 61.0 ± 8.7b 41.2 ± 10.8bc 32.9 ± 3.7b

DIO 273.9 ± 30.0a 112.3 ± 5.0a 160.4 ± 7.6a 119.8 ± 8.9a 51.9 ± 1.7a

Phase 2
Week 12

A 168.3 ± 22.8bc 77.5 ± 4.7bc 47.2 ± 6.4bc 40.7 ± 3.0bc 19.7 ± 2.3c

B 194.0 ± 42.5b 76.6 ± 14.2bc 49.6 ± 7.6bc 47.2 ± 4.4b 14.5 ± 1.8de

C 146.9 ± 16.7bc 85 ± 15.6b 50.4 ± 3.6bc 43.0 ± 6.0bc 16.3 ± 0.9 cd

D 181.6 ± 47.6bc 79.2 ± 9.2bc 47.9 ± 14.5bc 42.4 ± 4.2bc 11.8 ± 1.0efg

Phase 2
Week 16

A 156.0 ± 30.4bc 63.6 ± 9.2cde 39.8 ± 5.7c 34.0 ± 6.5c 13.1 ± 1.8def

B 122.1 ± 22.2c 53.5 ± 5.7de 47.3 ± 8.6bc 47.7 ± 3.5b 9.6 ± 1.2 fg

C 125.4 ± 28.4c 50.9 ± 6.9e 57.1 ± 8.3b 38.3 ± 5.8bc 10.9 ± 2.7efg

D 133.2 ± 14.3bc 71.0 ± 4.6bcd 48.9 ± 6.0b 40.9 ± 4.8bc 8.4 ± 1.7 g

Normal values for mice [30] 105.7–137.7 100.9–133.2 58.3–85.5 32.6–42.9 18.2–35.9
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From the obese model with metabolic alterations, an 
intervention was carried out with the classic treatment 
(hypocaloric diet) of obesity and with probiotic and/or prebi-
otic supplementation. To evaluate the supplementation of 
probiotics and/or prebiotics compared to the conventional 
treatment of obesity, in the present work, a hypocaloric diet 
treatment was used as a point of comparison.

For body weight, the different treatments (A, B, C, D) of 
the study produced a weight reduction, and the same effect 
was previously reported using different prebiotics and pro-
biotics [33, 34]. The weight reduction may have also been 
caused by the ability of inulin to decrease the absorption 
of glucose and lipids at the intestinal level [35]. This effect 
was confirmed in treatments C and D when blood glucose 
values were measured, having the lowest values among the 
treatments.

A reduction in blood glucose was observed in all treat-
ments, mediated by the hypocaloric diet and the presence of 
prebiotics and probiotics.

This effect was reported using L. acidophilus in mice 
treated with high-fat diets [16, 36], with a reduction of a key 
enzyme of gluconeogenesis (phosphoenolpyruvate carboxy-
lase) in addition to a decrease in the production of glucose 
transporter 2 (GLUT2) [37]. Therefore, it is suggested that the 
hypoglycaemic effect observed in the present study may be 
mediated by phosphoenolpyruvate carboxylase and GLUT 2.

The effect on hypertriglyceridaemia in the groups supple-
mented with inulin (treatments C and D) may be mediated 
by inulin fermentation by the microbiota.

The microbiota produces short-chain fatty acids (SCFAs), 
such as acetate, propionate, and butyrate, from inulin. SCFAs 
act as direct ligands of PPARα and subsequently of SREBP-
1c. This promotes the production of enzymes such as car-
nitine palmitoyl-transferase, 2,4-dienoyl-CoA reductase, 

peroxisomal 3-ketoacyl-CoA thiolase, and acyl-CoA dehy-
drogenase. Enzymes participate in lipid catabolism [38, 39]. 
Therefore, they influence the reduction of triglycerides and 
even cholesterol. A similar result was previously reported, 
where a reduction in triglyceride levels and diminished 
SREBP1 protein expression in the liver were found, which 
led to a reduction in adipogenesis [40].

In addition, a reduction in total cholesterol levels was 
also observed in all treatments. Other investigations have 
shown that L. casei, L. delbrueckii subsp. Bulgaricus, B. 
animalis subsp. Lactis DSM 10,140, and β-glucans reduce 
total cholesterol levels [41, 42]. However, it should be noted 
that the group fed a hypocaloric diet (treatment A) presented 
with the lowest total cholesterol and HDL-C values. Unlike 
the D group, HDL-C remained within the reference values, 
and LDL-C decreased to a greater extent. This lower level 
is because SCFAs, produced by inulin fermentation, activate 
PPARα, which induces an increase in apolipoprotein A, the 
major constituent of HDL-C [43]; in addition, it produces a 
reduction in LDL-C due to the increase in lipid catabolism 
enzymes. Lactobacilli contribute to the reduction of total 
cholesterol and LDL-C and maintain HDL-C at higher val-
ues, demonstrating that they can benefit the levels of total 
cholesterol and its fractions [44].

The symbiotic effect of Lactobacilli and inulin may regu-
late fat metabolism through PPARα gene expression due to 
the production of short-chain fatty acids [45]. In addition, it 
promotes lower hepatic lipogenesis by decreasing the activ-
ity of lipogenic enzymes and their mRNA [46]. This action 
leads not only to a decrease in lipid synthesis but also to a 
reduction in HDL-C degradation caused by hypertriglyc-
eridaemia [47].

For the molecular markers, the relative expression of 
PPARγ in phase 2 was diminished during the treatments. 

Fig. 1  Relative expression of 
the genes of interest in adipose 
tissue at 12 and 16 weeks 
compared to the control and 
DIO groups. A: hypocaloric diet 
(HD), B: HD + L. acidophilus, 
C: DH + inulin, D: DH + L. aci-
dophilus + inulin. *Significant 
differences
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At 12 weeks of treatment, even though there was a reduc-
tion, the amount in treatment D remained higher than that in 
the other treatments, probably due to the anti-inflammatory 
activity of PPARγ. This receptor can reduce the expression 
of genes related to macrophage migration and cell differen-
tiation, as well as induce an increase in IL10 [48, 49]. The 
greatest reduction in PPARγ was seen in treatments B and 
D at 16 weeks. This is favourable because it decreases the 
absorption and reserve of fats in adipose tissue.

These findings agree with the literature; the use of several 
probiotics, such as L. acidophilus and prebiotics, including 
inulin-type fructans, administered in mice leads to a reduc-
tion in PPARγ gene expression in both mesenteric adipose 
tissue and intestine [50, 51]. The use of the probiotic P. 
freudenreichii causes a decrease in the expression of genes 
related to adipogenesis (PPARγ and C/EBPα) in epididymal 
adipose tissue [52]. Therefore, the use of L. acidophilus and 
insulin reduces the absorption of fats in intestinal and adi-
pose tissue.

For the expression of PPARα, an increase in its expres-
sion was observed at 12 weeks in the second phase, espe-
cially for treatment D. This increase indicates that there was 
a greater catabolism of fats in this period caused by increas-
ing the expression of enzymes that participate in β-oxidation. 
In addition, PPARα has anti-inflammatory functions since 
it reduces the expression of NF-kB and TNFα [53–55]. The 
use of Lactobacilli can thus increase PPARα expression and 
β-oxidation and reduce serum cholesterol [33, 56, 57].

The expression of TGF1β presented a nonconstant behav-
iour over time. For the first half of the second phase, there 
was an increase (higher expression was observed in treat-
ment D), but at the end of the second phase, a decrease was 
observed. This occurrence is because TGF1β is a multipotent 
or conditional cytokine with both anti-inflammatory and pro-
inflammatory effects [9]. It can regulate the expression of 
genes responsible for immunomodulation, inhibiting the pro-
liferation and differentiation of macrophages and CD4 + and 
CD8 + cells [58]. It has been confirmed that TGF1β prevents 
inflammation in adipose tissue and is a protective molecule 
against obesity, preventing glucose intolerance and the gain-
ing of weight [59]. Therefore, it can be presumed that the 
increase in the expression of TGF1β in the halftime of the 
treatment could be a protective effect of TGF1β, and it could 
be related to the expression of the gene coding for PPARα, 
which also has a higher value in treatment D. It can be 
assumed that there is an anti-inflammatory effect that reduces 
the expression of pro-inflammatory adipokines, thus prevent-
ing TGF1β from exerting its pro-inflammatory pathway.

Based on the results and according to the literature, L. 
acidophilus and inulin should be considered in the treat-
ment of obesity. Different diets including a high-fat diet 
and different percentage of nutrients have been proven to 
evaluate the potential effect of L. acidophilus [18, 36, 37], 

finding good results in the anti-obesity markers. This could 
be a good prognostic, that even when modification in diet 
occurs, the effect of L. acidophilus could be achieved. These 
additives can induce the expression of genes related to lipid 
metabolism and anti-inflammatory cytokines, which leads to 
decreased blood glucose, triglyceridemia, total cholesterol, 
and LDL-C levels. In addition, it helps keep HDL-C high. 
This decreases the probability of having comorbidities and 
complications caused by obesity.

Conclusion

Obesity induction was achieved in mice receiving the DIO 
diet with an increase in total body and epididymal adipose 
tissue weight, FMI, hyperglycaemia, hypertriglyceridaemia, 
and hypercholesterolemia.

All treatments caused a decrease in total body weight, 
adipose tissue, FMI, and biochemical parameters. However, 
the mixed probiotic and prebiotic treatment (D) showed a 
significant reduction in epididymal adipose tissue, FMI, glu-
cose, total cholesterol, and LDL-C but maintained higher 
levels of HDL-C. The mixed treatment increased the gene 
expression of PPARα and TGF1β in adipose tissue. All 
treatments reduced PPARγ expression in adipose tissue. 
Therefore, L. acidophilus together with inulin should be 
an additive for the treatment of obesity, since it normalizes 
biochemical parameters, and increases PPARα and TGF1β, 
which can lead to alleviation of the complications caused 
by obesity.

Acknowledgements All the authors are grateful to Universidad 
Autónoma de Ciudad Juárez for the support and infrastructure.To 
CONACYT for the scholarship granted to Rangel-Torres BE for his 
master's degree studies. To Dr. José Alberto López Díaz for his help to 
handle the study animals. To Dra. Ana Lidia Arellano Ortiz and Dra. 
Raquel González Férnandez for their helpful advices.

Author Contribution Investigation, writing original draft: Rangel-Torres 
Brian Eduardo; writing–review and editing: García-Montoya Isui Abril; 
formal analysis: Rodríguez-Tadeo Alejandra; conceptualization, meth-
odology, and resources: Jiménez-Vega Florinda.

Declarations 

Competing Interests The authors declare no competing interests.

References

 1. Gallaher D, Heymsfield S, Heo M, Jeb S, Murgatroyd B et al 
(2000) Healthy percentage body fat ranges: an approach for 
developing guidelines based on body mass index. Am J Clin Nutr 
79(1):694–701. https:// doi. org/ 10. 1093/ ajcn/ 72.3. 694

 2. Sánchez F, García R, Alarcón F, Cruz M (2005) Adipocinas, tejido 
adiposo y su relación con células del sistema inmune. Gac Méd 
Mex 141(6):505–512



 Probiotics and Antimicrobial Proteins

1 3

 3. Kapadia R, Yi JH, Vemuganti R (2008) Mechanisms of anti-
inflammatory and neuroprotective actions of PPAR-gamma ago-
nists. Front Biosci 13:1813–1826. https:// doi. org/ 10. 2741/ 2802

 4. Janani C, Ranjitha Kumari BD (2015) PPAR gamma gene–a 
review. Diabetes Metab Syndr 9(1):46–50. https:// doi. org/ 10. 
1016/j. dsx. 2014. 09. 015

 5. Yoon M (2010) PPARα in obesity: sex difference and estrogen 
involvement. PPAR Res. https:// doi. org/ 10. 1155/ 2010/ 584296

 6. Schoonjans K, Staels B, Auwerx J (1996) The peroxisome pro-
liferator activated receptors (PPARS) and their effects on lipid 
metabolism and adipocyte differentiation. Biochim Biophys Acta 
1302(2):93–109. https:// doi. org/ 10. 1016/ 0005- 2760(96) 00066-5

 7. Tugwood JD, Issemann I, Anderson RG, Bundell KR, McPheat 
WL, Green S (1992) The mouse peroxisome proliferator activated 
receptor recognizes a response element in the 5’ flanking sequence 
of the rat acyl CoA oxidase gene. EMBO J 11(2):433–439

 8. Stienstra R, Duval C, Müller M, Kersten S (2007) PPARs, obe-
sity, and inflammation. PPAR Res 2007:95974. https:// doi. org/ 10. 
1155/ 2007/ 95974

 9. Li MO, Flavell RA (2008) TGF-beta: a master of all T cell trades. 
Cell 134(3):392–404. https:// doi. org/ 10. 1016/j. cell. 2008. 07. 025

 10. Zamani N, Brown CW (2011) Emerging roles for the transforming 
growth factor-β superfamily in regulating adiposity and energy 
expenditure. Endocr Rev 32(3):387–403. https:// doi. org/ 10. 1210/ 
er. 2010- 0018

 11. Cox AJ, West NP, Cripps AW (2015) Obesity, inflammation, and 
the gut microbiota. Lancet Diabetes Endocrinol 3(3):207–215. 
https:// doi. org/ 10. 1016/ S2213- 8587(14) 70134-2

 12. Farías M, Silva C, Rozowski J (2011) Microbiota Intestinal: Rol 
en Obesidad. RCHNUT 38(2):228–233. https:// doi. org/ 10. 4067/ 
S0717- 75182 01100 02000 13

 13. Yoda K, Sun X, Kawase M, Kubota A, Miyazawa K, Harata G, 
Hosoda M, Hiramatsu M, He F, Zemel MB (2015) A combination 
of probiotics and whey proteins enhances anti-obesity effects of 
calcium and dairy products during nutritional energy restriction 
in aP2-agouti transgenic mice. Br J Nutr 14;113(11):1689–1696. 
https:// doi. org/ 10. 1017/ S0007 11451 50009 14

 14. FAO/WHO (2002) Guidelines for the evaluation of probiotics in 
food. Food and Agriculture Organization of the United Nations/
World Health Organization, London, Ontario. www. who. int/  
foods afety/ fs_ manag ement/ en/ probi otic_ guide lines. pdf

 15. Rather S, Pothuraju R, Sharma R, De S, Mir N, Jangra S (2014) 
Anti- obesity effect of feeding probiotic dahi containing Lacto-
bacillus casei NCDC 19 in high fat diet-induced obese mice. Int J 
Dairy Technol 67(4):504–509. https:// doi. org/ 10. 1111/ 1471- 0307. 
12154

 16. Bagarolli RA, Tobar N, Oliveira AG, Araújo TG, Carvalho BM, 
Rocha GZ, Vecina JF, Calisto K, Guadagnini D, Prada PO, Santos 
A, Saad STO, Saad MJA (2017) Probiotics modulate gut micro-
biota and improve insulin sensitivity in DIO mice. J Nutr Biochem 
50:16–25. https:// doi. org/ 10. 1016/j. jnutb io. 2017. 08. 006

 17. Andersson U, Bränning C, Ahrné S, Molin G, Alenfall J, Onning 
G, Nyman M, Holm C (2010) Probiotics lower plasma glucose in 
the high-fat fed C57BL/6J mouse. Benef Microbes 1(2):189–196. 
https:// doi. org/ 10. 3920/ BM2009. 0036

 18. Song M, Park S, Lee H, Min B, Jung S, Park S, Kim E, Oh S 
(2015) Effect of Lactobacillus acidophilus NS1 on plasma choles-
terol levels in diet-induced obese mice. J Dairy Sci 98(3):1492–
1501. https:// doi. org/ 10. 3168/ jds. 2014- 8586

 19. Fang C, Dong F, Thomas D, Ma H, He L, Ren J (2008) Hyper-
trophic cardiomyopathy in high-fat diet-induced obesity: role of 
suppression of forkhead transcription factor and atrophy gene tran-
scription. Am J Physiol Heart Circ Physiol 295(3). https:// doi. org/ 
10. 1152/ ajphe art. 00319. 2008

 20. Yadav H, Lee JH, Lloyd J, Walter P, Rane SG (2013) Benefi-
cial metabolic effects of a probiotic via butyrate-induced GLP-1 

hormone secretion. J Biol Chem 288(35):25088–25097. https:// 
doi. org/ 10. 1074/ jbc. M113. 452516

 21. Especificaciones técnicas para la producción, cuidado y uso de 
los animales de laboratorio. Norma Oficial Mexicana NOM-062-
ZOO-1999. Diario Oficial de la Federación, 11 de Noviembre 
del 2016.  https:// www. dof. gob. mx/ nota_ detal le. php? codigo=  
76250 6& fecha= 22/ 08/ 2001# gsc. tab=

 22. Roberfroid MB (2002) Functional foods: concepts and application 
to inulin and oligofructose. Br J Nutr 87(Suppl 2):S139–S143. 
https:// doi. org/ 10. 1079/ BJNBJN/ 20025 29

 23. Karimi G, Sabran MR, Jamaluddin R et al (2015) The anti-obesity 
effects of Lactobacillus casei strain Shirota versus Orlistat on high 
fat diet-induced obese rats. Food Nutr Res 59:29273. https:// doi. 
org/ 10. 3402/ fnr. v59. 29273

 24. Kaplan A (1984) Glucose. Clin Chem 1032–1036
 25. Naito H (1984) Cholesterol. Clin Chem 1194–11206
 26. Bucolo G, David H (1973) Quantitative determination of serum 

triglycerides by the use of enzymes. Clin Chem 19(5):476–482
 27. Okada M, Matsui H, Ito Y, Fujiwara A, Inano K (1998) Low-

density lipoprotein cholesterol can be chemically measured: a new 
superior method. J Lab Clin Med 132(3):195–201. https:// doi. org/ 
10. 1016/ s0022- 2143(98) 90168-8

 28. Rachid TL, Penna-de-Carvalho A, Bringhenti I, Aguila MB, 
Mandarim-de-Lacerda CA, Souza-Mello V (2015) PPAR-α ago-
nist elicits metabolically active brown adipocytes and weight loss 
in diet-induced obese mice. Cell Biochem Funct 33(4):249–256. 
https:// doi. org/ 10. 1002/ cbf. 3111

 29. Loyola-Baltazar C (2007) Efecto del plomo en la expresión génica 
de la tilapia Orechromis niloticus. Universidad Autónoma de Ciu-
dad Juárez, Tesis de licenciatura

 30. Fuentes M, Acosta L, Rodríguez P (2008) Perfil lipídico, protéico 
y glicemia en ratones NMRI, C57BL/6 y Balb/c producidos en la 
UCLA. Venezuela Gaceta de Ciencias Veterinarias 13(3):92–103

 31. Martyn J, Kaneki M, Yashura S (2008) Obesity-induced insulin 
resistance and hyperglycemia: etiologic factors and molecular 
mechanisms. Anesthesiol 109(1):137–148. https:// doi. org/ 10. 
1097/ ALN. 0b013 e3181 799d45

 32. Hoffler U, Hobbie K, Wilson R et al (2009) Diet-induced obesity 
is associated with hyperleptinemia, hyperinsulinemia, hepatic 
steatosis, and glomerulopathy in C57Bl/6J mice. Endocrine 
36(2):311–325. https:// doi. org/ 10. 1007/ s12020- 009- 9224-9

 33. Kang J, Yun S, Park M, Park J, Jeong S, Park H (2013) Anti-
obesity effect of Lactobacillus gasseri BNR17 in high-sucrose 
diet-induced obese mice. PLOS ONE 8(1). https:// doi. org/ 10. 
1371/ journ al. pone. 00546 17

 34. Weitkunat K, Stuhlmann C, Postel A, Rumberger S, Fankhänel 
M, Woting A, Petzke KJ, Gohlke S, Schulz TJ, Blaut M, Klaus 
S, Schumann S (2017) Short-chain fatty acids and inulin, but not 
guar gum, prevent diet-induced obesity and insulin resistance 
through differential mechanisms in mice. Sci Rep 7(1):6109. 
https:// doi. org/ 10. 1038/ s41598- 017- 06447-x

 35. Kim M, Shin H (1996) The water-soluble extract of chicory 
reduces glucose uptake from the perfused jejunum in rats. J Nutr 
126(9):2236–2242p

 36. Nawangsih E, Paryati S, Bakles Y, Yuslianti E (2017) Effect of 
Munghurt Lactobacillus acidophilus from green beans to blood 
glucose levels in alloxan-induced diabetic rats. Res J Med Plant 
11(2):41–47. https:// doi. org/ 10. 3923/ rjmp. 2017. 41. 47

 37. Park S, Yang G, Kim E (2017) Lactobacillus acidophilus NS1 
reduces phosphoenolpyruvate carboxylase expression by regu-
lating HNF4α transcriptional activity. Korean J Food Sci An 
37(4):529–534. https:// doi. org/ 10. 5851/ kosfa. 2017. 37.4. 529

 38. Nihei N, Okamoto H, Furune T, Ikuta N, Sasaki K, Rimbach G, 
Yoshikawa Y, Terao K (2018) Dietary α-cyclodextrin modifies gut 
microbiota and reduces fat accumulation in high-fat-diet-fed obese 
mice. BioFactors 44(4):336–347. https:// doi. org/ 10. 1002/ biof. 1429



Probiotics and Antimicrobial Proteins 

1 3

 39. Mistry R, Gu F, Schols H, Verkade H, Tietge U (2018) Effect of 
the prebiotic fiber inulin on cholesterol metabolism in wildtype 
mice. Sci Rep 8:1–8. https:// doi. org/ 10. 1038/ s41598- 018- 31698-7

 40. Du H, Zhao A, Wang Q, Yang X, Ren D (2020) Supplementation 
of inulin with various degree of polymerization ameliorates liver 
injury and gut microbiota dysbiosis in high fat-fed obese mice. 
J Agric Food Chem 68(3):779–787. https:// doi. org/ 10. 1021/ acs. 
jafc. 9b065 71

 41. Ke X, Walker A, Haange SB, Lagkouvardos I, Liu Y, Schmitt-
Kopplin P, von Bergen M, Jehmlich N, He X, Clavel T, Cheung 
PCK (2019) Synbiotic-driven improvement of metabolic distur-
bances is associated with changes in the gut microbiome in diet-
induced obese mice. Mol Metab 22:96–109. https:// doi. org/ 10. 
1016/j. molmet. 2019. 01. 012

 42. Bubnov R, Babenko L, Lazarenko L, Mokrozub V, Demchenko O, 
Nechypurenko O et al (2017) Comparative study of probiotic effects 
of Lactobacillus and Bifidobacteria strains on cholesterol levels, 
liver morphology and the gut microbiota in obese mice. EPMA J 
8(4):357–376p. https:// doi. org/ 10. 1007/ s13167- 017- 0117-3

 43. Fruchart JC, Duriez P (2006) Mode of action of fibrates in the 
regulation of triglyceride and HDL-cholesterol metabolism. Drugs 
Today (Barc) 42(1):39–64. https:// doi. org/ 10. 1358/ dot. 2006. 42.1. 
963528. PMID: 16511610

 44. Wang J, Zhang H, Chen X, Chen Y, Menghebilige BQ (2012) 
Selection of potential probiotic lactobacilli for cholesterol-lowering 
properties and their effect on cholesterol metabolism in rats fed 
a high-lipid diet. J Dairy Sci 95(4):1645–1654. https:// doi. org/ 10. 
3168/ jds. 2011- 4768

 45. Kersten S (2014) Integrated physiology and systems biology 
of PPARα. Mol Metab 3(4):354–371. https:// doi. org/ 10. 1016/j. 
 molmet. 2014. 02. 002

 46. Wu Y, Zhang Q, Ren Y, Ruan Z (2017) Effect of probiotic Lacto-
bacillus on lipid profile: a systematic review and meta-analysis of 
randomized, controlled trials. PLoS ONE 12(6):e0178868. https:// 
doi. org/ 10. 1371/ journ al. pone. 01788 68

 47. Ali K, Abo-Ali EM, Kabir MD, Riggins B, Nguy S, Li L, Srivastava 
U, Thinn SM (2014) A Western-fed diet increases plasma HDL and 
LDL-cholesterol levels in apoD-/- mice. PLoS ONE 9(12):e115744. 
https:// doi. org/ 10. 1371/ journ al. pone. 01157 44

 48. Zizzo G, Cohen PL (2015) The PPAR-γ antagonist GW9662 
elicits differentiation of M2c-like cells and upregulation of the 
MerTK/Gas6 axis: a key role for PPAR-γ in human macrophage 
polarization. J Inflamm (Lond) 12:36. https:// doi. org/ 10. 1186/ 
s12950- 015- 0081-4

 49. Kim K, Jeong J, Kim D (2015) Lactobacillus brevis OK56 ame-
liorates high- fat diet-induced obesity in mice by inhibiting NF-kB 
activation and gut microbial LPS production. J Funct Foods 
13:183–191. https:// doi. org/ 10. 1016/j. jff. 2014. 12. 045

 50. Mencarelli A, Distruitti E, Renga B, D’Amore C, Cipriani S, Palladino 
G, Donini A, Ricci P, Fiorucci S (2011) Probiotics modulate intes-
tinal expression of nuclear receptor and provide counter-regulatory 
signals to inflammation-driven adipose tissue activation. Plos ONE. 
6(7). https:// doi. org/ 10. 1371/ journ al. pone. 00229 78

 51. Dewulf E, Cani P, Neyrinck A, Possemiers S, Van Holle A, 
Muccioli G, Deldicque L, Bindels L, Pachikian B, Sohet F, 

Mignolet E, Francaux M, Larondelle Y, Delzenne N (2011) 
Inulin-type fructans with prebiotic properties counteract 
GPR43 overexpression and PPARγ-related adipogenesis in the 
white adipose tissue of high-fat diet-fed mice. J Nutrl Biochem 
22(8):712–722p

 52. An M, Park YH, Lim YH (2021) Antiobesity and antidiabetic 
effects of the dairy bacterium Propionibacterium freudenre-
ichii MJ2 in high-fat diet-induced obese mice by modulating 
lipid metabolism. Sci Rep 11:2481. https:// doi. org/ 10. 1038/ 
s41598- 021- 82282-5

 53. Shiomi Y, Yamauchi T, Iwabu M, Okada-Iwabu M, Nakayama R, 
Orikawa Y, Yoshioka Y, Tanaka K, Ueki K, Kadowaki T (2015) 
A novel peroxisome proliferator-activated receptor (PPAR)α 
agonist and PPARγ antagonist, Z-551, ameliorates high-fat diet-
induced obesity and metabolic disorders in mice. J Biol Chem 
290(23):14567–14581. https:// doi. org/ 10. 1074/ jbc. M114. 622191

 54. Ll P, Siersbæk M, Mandrup S (2012) PPARs: fatty acid sensors 
controlling metabolism. Semin Cell Dev Biol 23(6):631–639. 
https:// doi. org/ 10. 1016/j. semcdb. 2012. 01. 003

 55. Becker J, Delayre-Orthez C, Frossard N, Pons F (2008) Regulation 
of peroxisome proliferator-activated receptor-alpha expression 
during lung inflammation. Pulm Pharmacol Ther 21(2):324–330. 
https:// doi. org/ 10. 1016/j. pupt. 2007. 08. 001

 56. Mei L, Tang Y, Li M, Yang P, Liu Z, Yuan J, Zheng P (2015) Co-
administration of cholesterol-lowering probiotics and anthraqui-
none from Cassia obtusifolia L. ameliorate non-alcoholic fatty 
liver. PLoS One 10(9):e0138078. https:// doi. org/ 10. 1371/ journ al. 
pone. 01380 78

 57. Alves CC, Waitzberg DL, de Andrade LS et al (2017) Prebiotic 
and synbiotic modifications of beta oxidation and lipogenic gene 
expression after experimental hypercholesterolemia in rat liver. 
Front Microbiol 8:2010. https:// doi. org/ 10. 3389/ fmicb. 2017. 
02010

 58. Sanjabi S, Zenewicz LA, Kamanaka M, Flavell RA (2009) Anti-
inflammatory and pro-inflammatory roles of TGF-beta, IL-10, 
and IL-22 in immunity and autoimmunity. Curr Opin Pharmacol 
9(4):447–453. https:// doi. org/ 10. 1016/j. coph. 2009. 04. 008

 59. Longenecker JZ, Petrosino JM, Martens CR, Hinger SA, Royer 
CJ, Dorn LE, Branch DA, Serrano J, Stanford KI, Kyriazis GA, 
Baskin KK, Accornero F (2021) Cardiac-derived TGF-β1 confers 
resistance to diet-induced obesity through the regulation of adi-
pocyte size and function. Mol Metab 54:101343. https:// doi. org/ 
10. 1016/j. molmet. 2021. 101343

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


