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Pinealectomy increases thermogenesis and decreases lipogenesis
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Abstract. The present study was designed to determine
the effects of pineal gland-derived melatonin on obesity by
employing a rat pinealectomy (Pnx) model. After 10 weeks of
a high-fat diet, rats received sham or Pnx surgery followed by a
normal chow diet for 10 weeks. Reverse transcription-quanti-
tative PCR, western blotting analysis, immunohistochemistry
and ELISA were used to determine the effects of Pnx. Pnx
decreased the expression of melatonin receptor (MTNR)1A
and MTNRIB, in brown adipose tissues (BAT) and white
adipose tissues (WAT). Pnx rats showed increased insulin
sensitivity compared with those that received sham surgery.
Leptin levels were significantly decreased in the serum of the
Pnx group. In addition, Pnx stimulated thermogenic genes
in BAT and attenuated lipogenic genes in both WAT and the
liver. Histological analyses revealed a marked decrease in the
size of lipid droplets and increased expression of uncoupling
protein 1 in BAT. In the liver of the Pnx group, the size and
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number of lipid droplets had also decreased. In conclusion,
the results presented in the current study suggested that Pnx
increases thermogenesis in BAT and decreases lipogenesis in
WAT and the liver.

Introduction

Disorders associated with individuals being overweight and
obese have become everyday issues over the past few decades,
and global statistics indicate that these disorders are on a
continuous rise (1). Obesity is a metabolic syndrome that is
associated with a cluster of disorders, including type 2 diabetes
mellitus, hypertension and fatty liver disorder (2-5). Despite
the increasing life expectancy in the United States, babies born
at the beginning of the twenty-first century are predicted to
be the first generation that may have shorter life expectancies
than their parents (6). Risk factors for becoming overweight
and obese are well known, but the underlying pathogenesis has
not yet been elucidated. At present, therapy is aimed at modi-
fying the risk factors, but there are no sustainable therapies for
the prevention or treatment of obesity.

Melatonin is a neurohormone synthesized in the
pineal gland (7). It exerts its functions via membrane and
nuclear receptors as well as receptor-independent actions.
Receptor-mediated neuroendocrine functions of melatonin
include the circadian rhythm, sleep, the stress response, the
process of aging and immunity (8,9). The antioxidant effect of
melatonin, along with the free radical scavenging action, is a
well-established receptor-independent function (10).

Melatonin has various functions, including the promo-
tion and regulation of energy homeostasis (11). For instance,
evidence has demonstrated that melatonin is involved in the
regulation of food intake, energy storage and energy expendi-
ture (12,13). Melatonin treatment in drinking water or a liquid
diet has been revealed to reduce body weight and abdominal
fat in rats independently of food intake reduction (14-17).
In the zebrafish, melatonin inhibits appetite and stimulates
satiety signals in the central nervous system (18). A previous
study has also indicated that there is a synchronizing function
of melatonin with the metabolism in white adipocytes (19).

Although studies with exogenous administration of
melatonin demonstrate the ‘anti-obesity’ effect of melatonin,
as aforementioned, the effects of endogenous melatonin on
obesity are controversial and have not yet been established.
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Thus, the aim of the current study was to determine the effects
of endogenous melatonin, especially pineal gland-derived, on
obesity by employing rat pinealectomy (Pnx) model.

Materials and methods

Animals. A total of 23 male Wistar rats, aged 3-weeks-old,
were purchased from the Laboratory Animal Center of
Japan SLC, Inc. The rats were housed in individual cages under
a controlled temperature (24+1°C), humidity and lighting (12-h
light/dark cycle). After 1-week of acclimation, rats were fed a
high-fat diet (HFD; cat. no. D12451; Research Diets, Inc.) for
10 weeks, which contained 45% kcal as fat, 20% as protein and
35% as carbohydrates, with access to water ad libitum prior to
the operation. Rats were randomized into two groups with a
similar average body weight, the sham group with 13 ats, and
the Pnx group with 10 rats. After the operation, rats were fed
a normal chow diet (NCD) with access to water ad libitum for
10 weeks. This study was approved by the Institutional Animal
Care and Use Committee of Keimyung University, School of
Medicine, Daegu, Korea (approval number. KM-2014-16).
Body weight, food intake and water intake were measured
twice a week. Peritoneal glucose tolerance tests (PGTT) were
performed before and after the operation on overnight-fasted
rats. After an overnight fast, rats were administrated with
1 g/kg glucose [D-(+)-glucose; Sigma-Aldrich; Merck KGaA]
by peritoneal gavage. Blood samples were collected from the
tip of the tail immediately prior to and 30, 60, 90 and 120 min
after injection. Blood glucose was measured using a glucometer
(Model GU, Accu-Chek Active; Roche Diagnostics GmbH).
Rats were sacrificed by isoflurane [2% volume-to-volume
(v/v) concentration] inhalation at 10 weeks after operation
followed by exsanguination. Tissues, including brown adipose
tissues (BAT) and white adipose tissues (WAT), and serum
were harvested for further analyses.

Surgical procedures. Rats were fasted overnight prior to
surgery. Pnx was performed as described previously (20).
Anesthesia was induced with an isoflurane concentration (v/v)
of 5% (JW Pharmaceutical Corporation) in 30% oxygen and
70% nitrous oxide and maintained with 2% isoflurane (v/v)
during the surgical procedure. In brief, a sagittal opening was
made in the scalp followed by exposure of the lambda suture.
The skull around the lambda suture was drilled and carefully
removed. The pineal gland was then removed with fine forceps.
The removed skull was placed back, and the scalp was sutured.
The procedure was completed within 30 min.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted with TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. For RT-qPCR, 5 pg total RNA was
reverse transcribed for 30 min at 37°C in a reaction mixture
containing the RNA, 40 U RNase inhibitor (Promega
Corporation), 0.5 mM deoxynucleotide triphosphate (Promega
Corporation), 2 yM random hexamer primers, 5X AMV
reverse transcriptase reaction buffer and 30 U AMYV reverse
transcriptase (Promega Corporation). RT-qPCR analysis
was performed using the SYBR Green PCR Master Mix
(Toyobo Life Science) and RT-qPCR thermocycling conditions
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were as follows: Initial denaturation at 95°C for 30 sec,
followed by amplification for 45 cycles performed at 95°C for
5 sec, 60°C for 10 sec and 72°C for 15 sec, 95°C for 10 sec and
10 sec each at 0.2°C increments to 62°C for a melting curve
analysis, and 65°C for 1 min, followed by cooling to 37°C for
10 min with gene-specific primers. The relative expression of
each gene was normalized against -actin. The samples were
assayed on a LightCycler 480 (Roche Diagnostics) instrument
and the concentration was calculated as copies per 1 using the
standard curve. Primer sequences (Macrogen, Inc.) are listed
in Table I.

Western blot analysis. Harvested tissues were subjected to
SDS-PAGE and immunoblotted. Briefly, tissues were lysed in
ice-cold lysis buffer [S0 mM Tris-HCI (pH, 7.4), 25 mM EDTA
(pH 8.0), 650 mM NaCl, 5% Triton X-100] containing protease
inhibitors (200 mM phenylmethylsulfonyl fluoride, 100 xg/ml
leupeptin, 10 pg/ml pepstatin, 1 pg/ml aprotinin and 2 mM
EDTA). The lysates were centrifuged for 20 min at 7,500 x g
at 4°C and the supernatant was collected. The concentrations
of protein were determined using a BCA protein assay kit
(cat. no. 23227; Thermo Fisher Scientific, Inc.) and densito-
metric analysis was performed using SPECTROstar Nano
software (version 5.5; BMG Labtech GmbH). Proteins (30 pg)
were separated by SDS-PAGE (8%) and transferred to nitrocel-
Iulose membrane (GE Healthcare). The membrane was blocked
at room temperature (RT) for 30 min in 5% skimmed milk in
TBS with 0.1% Tween-20 (TBST) before incubation overnight
at 4°C with the following primary antibodies: Anti-uncoupling
protein 1 (UCPI; 1:1,000; cat. no. ab10983; Abcam), anti-peroxi-
some proliferator-activated receptor y coactivator-lo. (PGCla;
1:500; cat. no. ab54481; Abcam), anti-iodothyronine deio-
dinase 2 (DIO2; 1:1,000; cat. no. ab77779; Abcam), anti-p-Akt
(1:1,000; cat. no. 9271S; Cell Signaling Technology, Inc.),
MTNRIA (1:1,000; cat. no. NBP1-7113; Novus Biologicals,
LLC), MTNRIB (1:1,000; cat. no. NLS932; Novus Biologicals)
and anti-sirtuin 1 (SIRT1; 1:1,000; cat. no. sc-15404; Santa Cruz
Biotechnology, Inc.). B-actin (1:1,000; cat. no. A5441;
Sigma-Aldrich; Merck KGaA) was used as an internal control.
The membrane was then washed in TBST and incubated
with horseradish peroxidase-conjugated rabbit and mouse
secondary antibodies (both 1:1,000; cat. nos. sc-2004 and
sc-2005, respectively; both Santa Cruz Biotechnology, Inc.).
Protein bands were detected using Super Signal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.).
The protein-specific signals were detected using LAS-3000
(FujiFilm Wako Pure Chemical Corporation).

Histological assessment of BAT. The BAT of each rat was
fixed at RT for 24 h with 10% formalin, embedded in paraffin
and sectioned. The sections (4 ym-thick) were stained at RT
with hematoxylin and eosin (H&E) for 3 min and 30 sec,
respectively, or immunohistochemistry was performed for
light microscopic examination. To observe UCP1 expression,
5-pum thick sections were permeabilized in PBS, incubated in
10 mM sodium citrate buffer with pH 6.0 at 100°C for 10 min,
and then incubated with anti-UCP1 (1:3,000 antibody overnight
at 4°C. Sections were then incubated with the secondary UCP1
antibody (1:200; Santa Cruz Biotechnology, Inc.) for 1 h at RT,
followed by staining at RT for 1 min with diaminobenzidine
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Gene Sequence (5'—3") Temperature, °C bp

CPT1A F: ATGACGGCTATGGTGTCTCC 60 154
R: GTGAGGCCAAACAAGGTGAT

CPTI1B F: CTGGACCGAGAAGAGATCAA 60 175
R: CCTTGAAGAAGCGACCTTTG

CytC F: TCAATGATGCTGCCTTTCAC 60 233
R: ACTCCCAATCAGGCATGAAC

DIO2 F: TCCCAATTCCAGTGTGGTGC 61 181
R: GCGGAAGGCTGGCAGTTGCC

FASN F: TGGCTTCCGTTCAGTCTCTT 60 180
R: CAGTGCCAAGGTCTCTAGCC

MCAD F: CCTGGACAGGAAAACATTTG 60 167
R: CCTTCGCAATAGAGGCAAAG

MTNRIA F: CAGACCTCGTGGTGGCTATT 60 237
R: TCAGGAACACGTAGCACAGG

MTNRIB F: ATTCCTGCACCTTCATCCAG 60 224
R: TATGGCGAAAACCACAAACA

PGCla F: TCGCCTTCTTGCTCTTCCTT 59 175
R: ATCTACTGCCTGGGGACCTT

PRDM16 F: CCTAGCCCTGAGCGATACTG 61 233
R: AGTAGCTACGTTGCGGGAGA

SREBPIc F: GTGGTCTTCCAGAGGCTGAG 62 178
R: GGGTGAGAGCCTTGAGACAG

UCP1 F: GAAGGATTGCCGAAACTGTA 57 155
R: CCAGCCGAGATCTTGCTTCC

[B-actin F: AGCCATGTACGTAGCCATCC 60 233

R: TTTCCCTCTCAGCTGTGGTG

F, forward; R, reverse; CPT, carnitine palmitoyltransferase; Cyt C, cytochrome c; DIO2, deiodinase 2; FASN, Fatty acid synthase; MCAD,
medium-chain acyl-CoA dehydrogenase; MTNR, melatonin receptor; PGCla, peroxisome proliferator-activated receptor gamma coacti-
vator 1-alpha; PRDM16, PR domain containing 16; SREBPIc, Sterol regulatory element-binding protein 1; UCP1, Uncoupling protein 1; bp,

base pair.

chromogen (Vector Laboratories, Inc.) and counterstaining
with hematoxylin at RT for 3 min. The stained sections were
examined under a microscope at magnification x200 (Nikon
Corporation); all histological assessments were made by a
pathologist.

Enzyme-linked immunosorbent assay (ELISA). Blood
samples were allowed to clot for 2 h at RT before centrifuga-
tion at 4°C for 20 min at 2,000 x g. Serum levels of leptin
(R&D System, Inc.) and melatonin (cat. no. CEA908GE,;
Cloud-Clone Corp.) were measured using ELISA Kkits.
Enzyme levels in the supernatants were measured according
to the manufacturer's instructions. Serum samples were then
diluted at 1:10 in a diluent solution from the kit and incubated
in the plates at RT for 2 h, after which the plates were washed
five times with washing buffer from the kit. Horseradish
peroxidase conjugated rat leptin (100 ul) was added and then
incubated for 2 h at RT. The plates were washed five times

and incubated with substrate solution for 30 min, after which
the stop solution was added. The absorbance values were
determined with an ELISA microplate reader (Biochrom,
Ltd.) at a wavelength of 450 nm and then 570 nm. Hepatic
triglyceride (TG; cat. no. 10010303; Cayman Chemical
Company) levels were measured using an ELISA kit. Briefly,
the samples or TG standard were incubated with TG enzyme
mixture in plates for 15 min at RT. A standard curve was
constructed to assign arbitrary units. The absorbance values
were determined with an ELISA microplate reader operating
at 530-550 nm.

Statistical analysis. Data were analyzed using an unpaired
Student's t-test. Each experiment was performed at least
three times in duplicate. All data are given in terms of relative
values and are presented as the mean + standard deviation.
P<0.05 was considered to indicate a statistically significant
difference.
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Figure 1. Pnx increases insulin sensitivity. (A) Changes in body weight, (B) PGTT, (C) food intake, (D) water intake and (E) plasma leptin levels. Values are
presented as the mean = SD. “P<0.01, ““P<0.001 vs. the sham group. Pnx, pinealectomy; PGTT, peritoneal glucose tolerance test; OP, operation.

Results

Pnx increases insulin sensitivity. Before rats underwent Pnx,
average body weight was 465+22.3 g. Average body weight at
the end of the experiment was 542+17.5 g in the sham group
and 529+28.1 g in the Pnx group. Although not statistically
different, throughout the experiment the degree of increase in
the body weight of the Pnx group was consistently less than
that observed in the sham group (Fig. 1A). PGTT before the
operation revealed impaired insulin responses. After the oper-
ation, PGTT revealed that glucose levels at 60,90 and 120 min
in the Pnx group were lower than those in the sham group,
which indicated an improvement of insulin sensitivity in the
Pnx group (Fig. 1B). Food and water intake/100 g body weight
did not differ between the two groups (Fig. 1C and D). Since
insulin resistance is associated with elevated levels of plasma
leptin, circulating leptin levels in the sham and Pnx groups
were investigated and calculated as leptin levels per 100 g
body weight (Fig. 1E). Circulating leptin levels in the Pnx
group significantly decreased (159.79+13.39 pg/ml; P<0.01)
compared with those in the sham group (344.67+48.64 pg/ml;
P<0.05), implicating increased insulin sensitivity following
Pnx. Serum insulin levels were also determined in sham
and Pnx groups and, although not statistically significant,
decreased insulin levels were found in the Pnx group (data not
shown). Serum levels of melatonin were also determined, but

the measured values were below the detectable levels of the kit
(data not shown).

Pnx decreases melatonin receptor (MTNR)IA and MTNRIB
expression in WAT and BAT. To determine the effect of Pnx
on the expression of melatonin receptors, the expression
levels of MTNRIA and MTNRI1B were examined in WAT
and BAT. It was found that both mRNA (Fig. 2A and B) and
protein (Fig. 2C and D) expression levels of MTNRIA and
MTNRI1B decreased in WAT from the group that underwent
Pnx compared with those in the sham group. Although mRNA
levels of MTNR1A and MTNRI1B were not different in BAT,
proteins expression levels of both MTNR1A and MTNRI1B
were significantly different, which indicates decreased mela-
tonin receptor activity in WAT and BAT. Further research as to
why and how expression levels of melatonin receptor mRNA
do not match those of melatonin receptor proteins is required.

Pnx stimulates thermogenesis in BAT. Based on the results that
showed increased insulin sensitivity, and decreased MTNR1A
and MTNR1B expression, in WAT and BAT in the Pnx group,
it was hypothesized that Pnx improved insulin sensitivity by
stimulating thermogenesis in BAT and regulating lipogenesis
in WAT. To investigate this hypothesis, the expression of
various thermogenic genes were examined in BAT (Fig. 3A).
Fig. 3A shows a notable increase in the expression levels
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Figure 2. Expression of MTNRIA and MTNR1B in WAT and BAT. mRNA expression levels of MTNRIA and MTNRIB in (A) WAT and (B) BAT were
examined by reverse transcription-quantitative PCR and normalized to B-actin. Protein expression levels of MTNR1A and MTNRI1B in (C) WAT and (D) BAT

were examined by western blotting. Values are presented as the mean + SD. "P<0.05,

tissue; BAT, brown adipose tissue; MTNR, melatonin receptor.

(upper panel) and semi-quantification (lower panel) of the
thermogenic genes (SIRT1, PGCla, UCP1 and DIO2) in the
groups that underwent Pnx compared with those in the sham
group. The invisibility of the SIRT and PGCla western bands
in the control may be due to short exposure time. Accordingly,
increased mRNA expression of PGCla, UCP1, DIO2 and PR
domain-containing 16 (PRDM16) were also found in the Pnx
group (Fig. 3B and C). However, no differences were observed
in the expression levels of peroxisome proliferator-activated
receptor y (data not shown), the master regulator of adipogen-
esis (21,22).

To further validate the thermogenic effect of Pnx, the study
proceeded to examine histological changes and UCP1 expres-
sion in BAT (Fig. 3D). Histological analysis of BAT by H&E
staining revealed a marked decrease in the size of lipid droplets
in the Pnx group (upper right panel, Fig. 3D). Consistent with
the result in Fig. 3A and B, immunohistochemical staining
revealed a notable increase in the expression of UCP1 in the
Pnx group compared with the sham group (lower right panel,
Fig. 3D).

Pnx downregulates lipogenic genes in WAT and the liver.
Subsequently, the possible regulatory effects of Pnx in WAT
were examined by determining the expression levels of
various lipogenic genes (Fig. 4A). It was found that Pnx led

ok

P<0.001 vs. the sham group. Pnx, pinealectomy; WAT, white adipose

to a significant reduction in the expression of sterol regula-
tory element binding protein lc (SREBPIc), the master
regulatory transcription factor for lipogenesis (21). Consistent
with the decreased expression of SREBPIc, the Pnx group
was also found to have a decreased expression of fatty acid
synthase (FASN), a key lipogenic enzyme in the first step of
de novo lipogenesis (21). Moreover, following Pnx the expres-
sion of stearoyl-CoA desaturase (SCD1), which catalyzes the
unsaturation of fatty acids forming a double bond in stea-
royl-CoA, decreased in these rats. These results suggested that
Pnx inhibited the lipogenic pathway in WAT. Next, the effect
of Pnx on the expression of major mitochondrial biogenesis
genes PGCla and cytochrome c (Cyt c) was investigated (21).
Contrary to the expression in BAT (Fig. 3A and B), the expres-
sion of PGCla in WAT decreased following Pnx, which might
indicate attenuated mitochondrial biogenesis. Decreased
expression levels of genes involved in fatty acid oxidation
[carnitine palmitoyltransferase (CPT)Ib and medium-chain
acyl-CoA dehydrogenase], also supports this hypothesis
(Fig. 4B) (21).

Since the liver is the organ primarily responsible for lipo-
genesis, the expression levels of lipogenic genes were further
examined in the liver. Histological analysis of the liver by H&E
staining also demonstrated that lipid droplets decreased in size
and number in the Pnx group compared with the sham group
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(Fig. 5A). Consistent with the results of the expression levels in
WAT, it was found that Pnx induced a significant decrease in
SREBPIc. Furthermore, the expression levels of the SREPBI1c
target genes, SCDI1, FASN and DGAT?2, although not statisti-
cally significant, decreased in the group that underwent Pnx
(Fig. 5B). Expression levels of genes involved in mitochon-
drial biogenesis and fatty acid oxidation, with the exception
of CPTla, showed no significant differences between the
sham and Pnx groups (Fig. 5C and D). The present study also
observed an increased expression of phosphorylated AKT in
the Pnx group (Fig. 5E).

Discussion
Numerous studies have demonstrated that exogenous mela-

tonin reduces body weight and food intake (14-17). However,
the current study has shown that Pnx stimulated thermogenesis

in BAT, and attenuated lipogenesis in WAT and the liver of
HFD-fed rats without any significant changes in body weight
compared with control rats.

No differences were observed in the body weight or
amount of food intake in the group that underwent Pnx
compared with those in the sham group, which may indicate
that endogenously synthesized pineal melatonin does not
affect systemic energy balance. To support this result, a recent
study also demonstrated that there was no difference in the
body weight and food intake of NCD-fed controls and Pnx
rats (23). Buonfiglio et al (23) reported that exogenous mela-
tonin treatment following Pnx resulted in a decrease in body
weight and food intake, which suggests that exogenous, rather
than endogenous, melatonin is a possible contributing factor
for the decrease in body weight and food intake. Decreased
protein expression levels of MTNRIA and MTNRIB in
WAT and BAT of the Pnx group were also observed, which



4296

suggests reduced melatonin receptor activities in WAT and
BAT. Furthermore, it was found that mRNA expression levels
of MTNR1A and MTNRIB were not consistent with protein
expression levels of MTNRIA and MTNRI1B in BAT, which
may indicate that there is a different response to compensate
for decreased concentrations of melatonin in WAT and BAT.
Notably, despite the lack of significant differences in
body weight changes, Pnx was observed to increase insulin
sensitivity, evidenced by faster disposal of plasma glucose and
lower levels of plasma leptin in the Pnx group. These results
are in contrast to a previous report, which found that Pnx
induced insulin resistance (24). Lima et al (24) demonstrated
that Pnx causes glucose intolerance and decreases adipose cell
responsiveness to insulin in NCD-fed rats. Since HFD-fed rats
were employed in the present study, it was hypothesized that
there was an interaction between diet and the absence of pineal
melatonin that affected systemic metabolism. In the present
study, decreased expression levels of lipogenic genes were
observed in WAT, which indicated a reduction in lipogenesis.
Whether the decreased lipogenesis in WAT contributed to the
decreased adiposity in the Pnx group needs further study since
lipogenesis in WAT under a HFD may not be as tightly asso-
ciated with the adiposity caused by a NCD. It is commonly
known that leptin levels increase in obesity and are associated
with insulin resistance (25-28), so decreased leptin levels in
the Pnx group compared with that in the control HFD-fed
group further validates Pnx-induced insulin sensitivity.
UCPI, also known as thermogenin, is predominantly
expressed in BAT. UCP1 is a mitochondrial protein that
regulates dissipation of excess energy via the uncoupling of
oxidative phosphorylation (21). It is also positively associated
with insulin sensitivity (22). The present study found that Pnx
markedly increased the expression of UCP1 in BAT. Consistent
with this finding, increased expression levels of PGCla, DIO2
and SIRT1 were also found in the Pnx group. UCP1 plays a
role in the activity of several transcription factors and genes,
such as PGCla, DIO2, SIRT1 and PRDM16 (21). PGCla is
a master nuclear transcription factor that controls the expres-
sion of thermogenic genes (21). In the present study, PGCla
expression was significantly increased in the Pnx rats, which
suggested that PGCla-induced thermogenic genes are upregu-
lated following Pnx. DIO2 is another commonly known master
regulatory molecule that controls the expression of thermogenic
genes (29). The present study also found that Pnx stimulated
the expression of DIO2. As expected, the expression of the
thermogenic gene UCP1 was increased in the BAT following
Pnx. Furthermore, DIO2 activity has been demonstrated to
generate a significant fraction of the circulating hormone triio-
dothyronine in rats, and enhance the cAMP-generated acute
increase in UCP1 mRNA via increased UCP1 gene transcrip-
tion (30). PRDM16 is a regulatory molecule known to induce
brown adipogenicity (31), and the expression of PRDM16 in
the BAT of the Pnx group was found to be increased, which
indicated that Pnx may induce BAT. Furthermore, the expres-
sion of SIRT1 in the Pnx group was found to increase the
expressions of SIRT1 in BAT, which further indicated that
the Pnx-induced insulin sensitivity may be mediated via BAT
activation (32). The present study is limited by the absence
of a control group of rats fed NCD. Furthermore, this study
lacks an investigation into the underlying mechanisms of the
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effect of Pnx on BAT activation. Therefore, further studies are
required to elucidate this.

Overall, in the present study Pnx was found to decrease
lipogenesis in WAT and the liver. It was also demonstrated that
expression levels of lipogenic genes were decreased in both
the WAT and liver of the Pnx group compared with the sham
group, which indicated that Pnx attenuates lipogenesis via a
currently unidentified mechanism. These results indicate that
Pnx may inhibit lipogenic activity by inhibiting the expres-
sion of genes involved in lipogenesis, as evidenced by the
decrease in mRNA expression of the mitochondrial biogenesis
genes, PGCla and Cyt C. In conclusion, rats that underwent
Pnx experience an increase in thermogenesis in BAT, and a
decrease in lipogenesis in WAT, leading to increased insulin
sensitivity.
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