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Globin digest (GD), a bioactive oligopeptide derived from porcine hemoglobin
proteins, has been demonstrated to have beneficial effects on improving postprandial
hyperlipidemia, hyperglycemia, and liver injury. We previously reported the lipid-lowering
effects of GD using a zebrafish obesogenic test. Here, we sought to evaluate the effect of
GD on visceral adiposity and the underlying molecular mechanisms using zebrafish and
mouse obesity models. GD ameliorated dyslipidemia and suppressed the accumulation
of visceral adipose tissue (VAT) in adult obese zebrafish. Transcriptomic analysis by RNA
sequencing of GD-treated adult zebrafish revealed that GD upregulated UCP1-related
pathways. Further, we performed mouse experiments and found that GD intake (2 mg/g
body weight/day) was associated with lowered plasma triglyceride and total cholesterol
levels, decreased VAT accumulation, and improved adipocyte hypertrophy with the
upregulation of Ucp1 expression in white adipose tissue at both the mRNA and protein
levels. Taken together, these results indicate that GD improves visceral adiposity by
upregulating UCP1 expression, providing a novel perspective on combating obesity.

Keywords: metabolic syndrome, natural product, comparative transcriptomics, oligopeptides, zebrafish, obesity

INTRODUCTION

Obesity is becoming a significant global public health issue due to rapid increases in its prevalence
and consequent health threats. According to the most recent fact sheet published by the World
Health Organization, >1.9 billion adults were overweight, and of these, > 650 million were
obese in 2016 (1). Data involving prevalence in the next generation showed that > 378 million
children under the age of 19 were overweight or obese, which has risen > 4-fold from 1975 to
2016. Progressed or severe obesity increases the risk of comorbidities, including cardiovascular
disease, type 2 diabetes, hypertension, dyslipidemia, and certain types of cancers (2, 3). Obesity is
defined as the deposition of excessive body and ectopic fat. Excess energy is mainly stored in white
adipose tissue (WAT) as triglycerides (4). Another type of adipose tissue, brown adipose tissue
(BAT), functions to dissipate energy as heat through uncoupling protein-1 (UCP1) (5-7). WAT can
transform into the BAT phenotype in response to appropriate stimuli, which are primarily mediated
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by high levels of UCP1 (8). This phenomenon is termed the
“browning process” and results in beige- or brown-like adipose
tissue (9, 10). Studies have demonstrated that browning of WAT
with increased UCP1 expression exerts anti-obesity effects in
rodent models (11). Thus, UCP1 is the best-characterized marker
of the WAT browning process and is a good indicator to evaluate
possible anti-obesity effects of chemicals or natural products.

Zebrafish (Danio rerio) is a well-established animal model
for human diseases (12, 13). In 2010, we developed a zebrafish
obesity model that mimics the pathology of human obesity
by overfeeding (14). This model exhibits increased plasma
triglyceride (TG) levels and hepatic steatosis combined with
dysregulated lipid metabolism pathways, demonstrating that
zebrafish is a suitable model for studying human obesity. Using
this model, numerous active natural products and functional
foods with anti-obesity effects were identified (15-21).

The health benefits of food-derived bioactive oligopeptides
have been reported, including anti-inflammation (22, 23), anti-
fatigue (24), gastroprotective effects (25), and hypoglycemic
and hypolipidemic effects (26). Of these, globin digest (GD),
a bioactive oligopeptide derived from porcine hemoglobin
by acidic protease treatment (27), has been approved as a
functional food in China and Japan. Previous studies have
revealed that GD exerts a hypoglycemic effect in mice (28) and
improves postprandial hyperlipidemia in rodents and dogs (27).
A subsequent clinical trial involving healthy individuals also
demonstrated suppressed postprandial serum triglyceride and
chylomicron levels after GD intake (29). Recently, we performed
a small-scale anti-obesity screening for natural products using
zebrafish obesogenic test (30). Among the hit natural products,
GD was identified to have lipid-lowering effects. However, a
systemic evaluation of the effect of GD on visceral adiposity and
the elucidation of the underlying molecular mechanisms have
yet to be carried out. Here, we orally administered GD to adult
zebrafish and performed RNA-sequencing (RNA-Seq) of hepatic
tissues to investigate the underlying molecular mechanisms. We
further tested GD in a mouse model of obesity to validate
these results.

MATERIALS AND METHODS
Ethics Statement

All animal procedures were approved by the Ethics Committee
of Mie University, Tsu, Japan. Animal experiments were
performed following the Japanese Animal Welfare Regulatory
Practice Act on Welfare and Management of Animals
(Ministry of Environment of Japan) and complied with
international guidelines.

Animals and Husbandry

Zebrafish (AB strain) were purchased from the Zebrafish
International Research Center (ZIRC, OR, USA) and maintained
at our facility under standard laboratory conditions (31). The
zebrafish were fed GEMMA Micro 75, 150, and 300 (Skretting,
Fontaine-les-Vervins, France) according to their developmental
stages or body length. Wild-type Institute of Cancer Research
(ICR) mice were purchased from Japan SLC, Inc. (Hamamatsu,

Japan) and housed at the Institute of Laboratory Animals at Mie
University (permission number: 28-4).

Globin Digest

GD, with a total protein content of > 91 and < 8% free amino
acids, was purchased from MG Pharma Inc. (Osaka, Japan). GD
is an oligopeptide mixture containing > 10 kinds of 3-5 amino
acid residues, and the molecular weights of the peptides range
between 100 and 1,500 u. GD is a white, odorless powder that is
soluble in water.

GD Administration to Adult Zebrafish

For oral administration of GD to adult zebrafish, 10% GD-
containing zebrafish food was prepared using gluten as a
carrier material, as previously described (32). The overfeeding
experiment was designed and performed as previously reported
(20, 30). Briefly, 3-month-old female zebrafish were randomly
assigned to three groups with five fish per 2L tank: (1)
normal feeding group (NF) was fed a normal diet (gluten
granules; 2 mg/fish/day) throughout the total of 3 weeks of
the experiment and fed with 5mg cysts/fish/day of Artemia
during the third week; (2) overfeeding group (OF) was fed
a normal diet (2 mg/fish/day) for 2 weeks, followed by 1
week of continuous normal diet and overfeeding with 60 mg
cysts/fish/day of Artemia; (3) GD group was fed GD-containing
gluten granules (2 mg/fish/day) at a dose of 250 g/g body
weight/day for 3 weeks and overfed with 60 mg cysts/fish/day of
Artemia during the third week. The feeding details are shown
in Supplementary Table 1. Normal and GD-containing diets
were fed to zebrafish 30 min before Artemia feeding. The water
circulation system was stopped for 2h during feeding, and
leftover foodstuff was removed by vacuuming to avoid water
pollution. Body weights were measured once a week. At the
end of the experiment, zebrafish were anesthetized, and blood
was collected to measure fasting blood glucose, plasma TG,
and plasma total cholesterol (TCHO) (33, 34). Subsequently,
the fish were euthanized in an ice-water bath, and 3D-micro-
computed tomography (CT) scans were performed using an
in vivo System R_mCT 3D-micro-CT scanner (Rigaku, Tokyo,
Japan). 3D images were reconstructed using i-View type R
software (J. Morita Mfg, Kyoto, Japan) and analyzed using CT
Atlas Metabolic Analysis ver. 2.03 software (Rigaku).

RNA Isolation, RNA-Sequencing, and

Bioinformatic Analyses

Fish were subjected to laparotomy, and hepatic tissues were
collected by surgical manipulation. Total RNA was extracted
and purified using TRIzol reagent (Life Technologies, Carlsbad,
CA, USA) and QIAGEN RNeasy Mini-prep Kit (Qiagen,
Hilden, Germany) (35). DNase digestion was performed on
the column membranes to eliminate DNA contamination.
The concentration of total RNA was measured using an
Eppendorf spectrophotometer (BioPhotometer, Eppendorf,
Hamburg, Germany). Ribosome RNA deletion and library
construction were performed as previously described (20).
The resulting libraries were sequenced using an Ion PGM
system (Life Technologies). Signal processing, base calling, and
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adapter sequence trimming were performed using Torrent Suite
software v.4.0.1.

Bioinformatic analysis was performed using CLC Genomics
Workbench software 11.0.1 (Qiagen). The UCSC genome
was used to map sequencing reads to the Danio rerio
annotated genome, build GRCz10. Gene expression values were
detected and normalized using the transcripts per million
(TPM) algorithm. Expression data were exported from CLC
Genomics Workbench as Microsoft Excel spreadsheets. We
converted all non-human genes to human orthologs according
to the Ensembl gene ortholog database (http://www.ensembl.org/
biomart/martview). An enrichment false discovery rate (FDR)
g-value < 0.05 was considered statistically significant. After
statistical tests, gene set enrichment analysis (GSEA) and sub-
network enrichment analysis (SNEA) was performed using
Pathway Studio 9.0 (Elsevier, Amsterdam, Netherlands).

3T3-L1 Adipocyte Differentiation Assay
Mouse 3T3-L1 preadipocytes (DS Pharma Biomedical, Osaka,
Japan) were seeded in a 96-well plate in Dulbecco’s modified
Eagle medium-high glucose medium (Gibco, Gaithersburg, MD,
USA) supplemented with 10% fetal bovine serum (FBS; Sigma
Chemical Company, St. Louis, MO, USA) and antibiotics (100
U/mL penicillin and 100 pg/mL streptomycin) and incubated
at 37°C under 5% CO,. Two days post-confluence, the cells
were stimulated to differentiate into adipocytes by transferring
them into adipocyte differentiation medium (ADM; DS Pharma
Biomedical) for 6 days. The cells were maintained in ADM
for an additional 2 days with or without 10 mg/mL GD. After
GD treatment, the intracellular lipid content was measured
using the AdipoRed Assay Reagent (Lonza, Walkersville, MD,
USA) according to the manufacturer’ instructions. Fluorescence
images were taken using the BZ-X710 fluorescence microscope
(Keyence, Tokyo, Japan). Intracellular lipid accumulation was
quantified using the Victor2 multilabel plate reader (Ex 485
nm/Em 590 nm; PerkinElmer, Boston, MA, USA). After the
AdipoRed assay, a cell viability assay was performed using
the CellTiter-Glo Luminescent Cell Viability Assay (Promega,
Madison, WI, USA) according to the manufacturer’s instructions.
For gene expression analysis, cells were seeded in 6-well plates,
differentiated, treated with 10 mg/mL GD as described above, and
collected for subsequent total RNA extraction.

Mouse Experiments

Six-week-old male ICR mice were randomly assigned to four
groups of ten mice each: (1) normal diet (ND) group was
fed the CLEA Rodent Diet CE-7 (CLEA Japan, Tokyo, Japan)
supplemented with 2.5 % gluten (w/w); (2) ND + GD group
was fed a normal diet supplemented with 2.5% GD; (3) High fat
diet (HFD) group was fed a HFD (60% of energy from fat; Test
Diet 58Y1; TestDiet, Richmond, IN, USA) supplemented with
2.5% gluten; (4) HFD + GD group was fed a HFD supplemented
with 2.5% GD. The experimental duration was 2 weeks. Body
weight, fasting blood glucose, and food intake was measured
weekly. At the end of the experiment, mice were euthanized by
over-anesthesia with isoflurane (Pfizer, Pearl River, NY, USA).
3D micro-CT scans were performed as described above, and

then liver, epididymal white adipose tissue (eWAT), and smooth
muscle tissues were dissected for subsequent histology and
qPCR analysis.

Quantitative Reverse Transcription PCR
Total RNA from the liver, visceral adipose, and skeletal muscle
tissues from zebrafish and mouse, or 3T3-L1 cells was extracted
and purified using TRIzol reagent and QIAGEN RNeasy Mini-
prep Kit, as described above. cDNA was synthesized from 500
ng total RNA using the ReverTra Ace qPCR RT Kit (Toyobo,
Osaka, Japan). Quantitative reverse transcription PCR (RT-
qPCR) was performed using Power SYBR Green Master Mix
(Applied Biosystems, Foster City, CA, USA) and the ABI Stepone
Plus Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA), according to the manufacturer’s instructions. Relative
mRNA levels were determined using 18S ribosomal RNA (18s) as
an endogenous control gene. Sequences of the primers used for
PCR amplification are listed in Supplementary Table 2.

Fluorescent Immunohistochemical
Staining

Mouse eWAT was collected and fixed using 4% formaldehyde
solution in PBS (PFA; Histo-Fresh; Falma, Tokyo, Japan) at
4°C for 24h. Fixed eWAT was then embedded in paraffin
and cut into 3-pm sections. FIHC was performed according
to the manufacturer’s protocol (https://www.abcam.com/tag/ihc
%20protocols). In brief, microtome sections were rehydrated
and subjected to antigen retrieval using sodium citrate buffer
in a presser cooker. The sections were incubated with
primary antibody against mouse UcpI (1:500; Abcam, ab234430,
Cambridge, UK) overnight at 4°C. After rinsing with Tris-
buffered saline with 0.025% Triton X-100 (TBST), the sections
were incubated with a fluorescence-conjugated secondary
antibody [anti-rabbit IgG (H + L), F(ab’)2 Fragment, Alexa
Fluor® 488 Conjugate; Cell Signaling Technology, Beverly, MA,
USA] at room temperature (25°C) for 1h and mounted with
ProLong Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific, Waltham, MA, USA). Images were captured using a
BZ-X710 fluorescence microscope (GFPfilter). Areas of adipocyte
cells were quantified using Image] software (Fiji distribution,
version 1.52p, National Institute of Health, Bethesda, MD,
United States).

Statistical Analysis

All data were analyzed using Students t-test or one-way
analysis of variance (ANOVA) with the Bonferroni-Dunn
multiple comparison procedure, depending on the number
of comparisons, using GraphPad Prism version 9 (GraphPad
Software, San Diego, CA, USA). Results with p < 0.05 were
considered statistically significant.

RESULTS

GD Suppressed Visceral Adipose Tissue

Accumulation in Zebrafish
The results of the zebrafish obesogenic test showed that GD
significantly decreased the VAT volume in the experimental
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group (—29%; p < 0.05) compared with that of the juvenile
control  zebrafish  (Supplementary Figure 1). We then
orally administered GD (250png/g body weight/day) to
adult zebrafish. Zebrafish in the GD group were fed with
a normal diet supplemented with 10% GD-containing
food for 2 weeks, followed by 1 week of overfeeding and a
continuous GD-containing diet. This short-term overfeeding
significantly increased the body weights of the OF and GD
group animals, compared to those of the NF (p < 0.05;
Supplementary Figures 2A,B). There were no statistically
significant differences in changes in body weight and fasting
blood glucose (FBG) levels between the OF and GD-treated
groups (Supplementary Figure 2). However, GD administration
significantly suppressed plasma TG levels (298 + 44 mg/dL in
OF vs. 178 & 25 mg/dL in the GD group; p < 0.05; Figure 1A)
and TCHO abundance (242 + 18 mg/dL in OF vs. 183 £ 18
mg/dL in the GD group; p < 0.05; Figure 1B). In addition, the
3D-micro-CT analysis revealed a decrease in VAT volume in
the GD group compared to the OF group (2.5 & 0.3 mm? in
OF vs. 1.7 £ 0.2 mm? in the GD group; p = 0.09; Figure 1C).
Typical 2D images of zebrafish in the three groups constructed
by CT analysis are shown in Figure 1D. Corresponding to the
improvement in visceral adiposity, GD reduced adipose tissue
accumulation more than in the OF group.

GD Upregulated ucp1 Expression in Adult

Zebrafish Liver

To investigate the molecular mechanism underlying the anti-
adiposity effects of GD, we performed RNA-Seq transcriptomic
analysis using adult obese zebrafish liver tissues with or without
GD treatment. We identified altered pathways and gene networks
using GSEA (36), followed by SNEA (37). The top 20 cell process-
related genetic pathways enriched by GD-regulated genes
revealed that GD intake significantly activated digestion and
gastrointestinal absorption-related pathways, including eating
behavior, gastric emptying, intestinal motility, gastrointestinal
motility, and pancreatic juice secretion (p < 1E-04; Table 1).
Eighty-five such pathways are listed in Supplementary Table 3.
SNEA extracts a gene-gene expression regulation network
from global literature to determine sub-networks for protein
expression targets, which are displayed as a central hub (seed)
with a group of genes (gene sets) that share common biological
functions. The top 15 protein expression targets (p < 0.05)
regulated by GD compared with OF zebrafish are listed in
Table 2. UCP1, a mitochondrial protein mainly expressed in the
inner mitochondrial membrane of brown adipocytes, was among
these predicted functional gene set seeds (38). As a central seed,
the relationships of UCP1 with its 13 neighbors (expression
targets, binding partners, and protein modification targets)
are shown in Figure 2A. Red color indicates upregulated, and
blue color indicates down-regulated expression in GD-treated
zebrafish compared to OF zebrafish. Since the gray color of UCP1
suggested no detection in the RNA-Seq assay (weak expression
or cut off by the p-value during bioinformatics analysis), we
performed a qPCR analysis to confirm the expression levels of
ucpl using cDNA samples synthesized from the total RNAs used

in RNA-Seq analysis. The mRNA expression level of ucpl showed
a significant increase (3.2-fold, p < 0.05) in GD-treated zebrafish
liver compared with that in OF zebrafish liver (Figure2B),
whereas there was no significant difference in the VAT tissues of
the two groups (p = 0.3, Figure 2C).

GD Upregulated Ucp1 Expression in

3T3-L1 Adipocytes and Mice eWAT Tissue

To confirm whether Ucpl wupregulation due to GD
administration is common in mammals, we performed an
in vitro experiment to determine the change in Ucpl expression
levels in 3T3-L1 cells, a mouse preadipocyte cell line. Six days
after the start of adipocyte differentiation, GD (10 mg/mL)
was administered to differentiated 3T3-L1 cells for 2 days,
followed by AdipoRed staining. GD administration significantly
suppressed lipid accumulation in 3T3-L1 cells (Figures 2D,E).
The lipid content in GD-treated cells was decreased by 0.6-fold
compared to the untreated differentiated adipocyte control
(p < 0.01, Figure 2E), and there was no significant effect on
cell viability after GD treatment. The qPCR analysis revealed
a marked increase in Ucpl mRNA expression induced by 10
mg/mL of GD compared to the control (2.4-fold, p < 0.01,
Figure 2F).

We further orally administered GD (2.5% w/w in the HFD;
~2 mg/g body weight/day) to wild-type ICR mice. Short-term
feeding with HFD for 2 weeks significantly increased the body
weights of HFD mice compared to those of the ND and ND +
GD groups (p < 0.05), while there was no significant difference
in body weight changes and FBG levels between HFD and HFD
with GD-administered groups (Supplementary Figures 3A,B).
The food intake was not different between HFD and HFD +
GD groups, which indicated that GD did not suppress appetite
(Supplementary Figure 3C). To verify the effects of GD on
lipid metabolism in the blood, we measured plasma TG and
TCHO levels. GD treatment resulted in reduced plasma TG levels
compared to the HFD group (p < 0.05, Figure 3A). The GD
group also showed significantly reduced TCHO levels compared
to the HFD group (p < 0.05, Figure 3B). Three-dimensional
micro-CT analysis revealed that the VAT volume in the HFD
group was significantly higher (p < 0.001) than that in the
ND group, and GD treatment significantly reduced the VAT
volume compared with the HFD group (p < 0.01, Figure 3C).
Representative micro-CT images of the four groups are shown
in Figure 3D. To determine whether GD supplementation, as
observed in zebrafish, elevated the Ucp1 expression levels in mice,
we performed qPCR analysis using mouse liver and eWAT with
or without GD administration. Signals corresponding to Ucpl
in liver tissues were not detected due to low tissue specificity
in the mouse liver (data not shown). Nevertheless, a significant
increase in the Ucpl expression levels in the eWAT tissue of
the GD-treated group was observed compared to that in the
HED group (0.73- and 1.69-fold vs. ND group, respectively;
p < 0.05; Figure 3E).

We further performed FIHC using an anti-Ucpl antibody
to investigate the protein expression levels in eWAT of mice
induced by GD (Figure 3F). Phase difference (PD) images are
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FIGURE 1 | Effects of GD pre-administration in diet-induced obese adult zebrafish. GD suppressed an increase in plasma triglyceride (TG) (A) and plasma total
cholesterol (TCHO) (B) levels in OF zebrafish. (C) GD reduced the visceral adipose tissue (VAT) volume in OF zebrafish. (D) Representative images to show VAT (red)
after 3D micro-CT analysis. Gray color indicates skeletal bone. *p < 0.05, **p < 0.01 vs. OF, n = 5, error bars indicate SD.

TABLE 1 | Top 20 cell process-related genetic pathways/groups enriched by GD-regulated genes (p < 1E-04).

Gene set seed Total # of Neighbors Overlap p-value
Eating behavior 336 99 2.22E-09
Estrous cycle 251 88 1.83E-08
Neuromodulation 104 41 3.38E-08
Gastric emptying 151 48 5.09E-08
Pressor response 245 85 6.25E-08
Intestine motility 183 58 6.25E-08
Natriuresis 160 52 7.15E-08
Gastrointestinal motility 162 55 7.33E-08
Excitability 737 228 7.54E-08
Membrane steady potential 185 63 1.05E-07
Potassium conductance 89 32 1.77E-07
Satiety 209 66 1.87E-07
Grooming behavior 121 38 1.98E-07
Diuresis 172 47 3.35E-07
Cardiovascular deconditioning 192 65 4.03E-07
Micturition 116 37 4.29E-07
REM sleep 149 49 4.78E-07
Pancreatic juice secretion 85 33 5.01E-07
Transmission of nerve impulse 845 269 5.89E-07
Vocalization 101 30 6.61E-07

shown in the upper lane. Increased adipocyte size (hypertrophy)  (p < 0.001, Figure 3G). The lower lane of Figure 3F shows
was markedly induced by HFD compared with thatin ND groups ~ fluorescent images of the four groups. As expected, GD-treated
(p < 0.001) but was significantly decreased by GD treatment  mice displayed upregulated Ucp1 levels in eWAT. In addition, we
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TABLE 2 | Top 15 protein expression targets regulated by GD in OF zebrafish compared with those of OF zebrafish.

Gene set Total # of Overlap Measured neighbors p-value
seed Neighbors
bHLH factor 82 6 VIP; BDNF; HES6; HEYL; NR4A2; MYF5 0.0007
HOXB1 45 5 HBE1; HOXA1; PKNOX1; RARA; RARG 0.0044
NRP1 93 6 SGK1; SLC31A1; PTPRC; EIF4E; GPNMB; NR4A2 0.0091
NR4A1 187 9 BDNF; HTR2A; CEBPA; HMGCR; MAPK9; HIF1A; MAPK1; NR4A2; 0.0162
RARG
Polysome 121 14 CSRP3; CAMK2A; BDNF; ATF3; NPM1; EIF4E; AKB; EIF1AX; EIF4B; 0.0184
HNRNPD; ATF4; MTDH; HDLBP; ELAVL2
ACTA2 768 35 ANGPTL5; BDNF; PLIN2; ATF3; HTR2A; SGK1; GADD45A; HMGCR; 0.0209
S1PR2; SOAT1; FOXF2; AOC3; RHOC; EIF4E; CDH5; CSTB; GSK3B;
GNL3; TGM2; SLC2A1; PECAM1; HMGB1; MAPK9; ANXA2; MSRA;
ARG2; HIF1A; PARP1; USP10; MAPK1; GATAG; FGL2; CNR1; KL;
CDH1
UCP1 363 13 BDNF; PLIN2; PLIN3; CEBPA; SAT1; MFN2; PRKAA2; ITGA4; LEPR,; 0.0240
SDHB; MAPK1; CNR1; CYP19A1
MAP2 121 BDNF; AACS; RARA; HMGB1; RARG 0.0249
PDGFRB 131 10 HTR2A; FOXF2; AOCS; LETM1; TGM2; PECAM1; HIF1A; ESR2; 0.0282
CYP19A1; DRD4
CD44 411 16 PLOD2; SGK1; MTHFD2; HMGCR; S1PR2; GSK3B; GNL3; TGM2; 0.0298
SACM1L; NUS1; PLOD1; HMGB1; PDHAT; HIF1A; MAPK1; CDH1
UCP3 89 7 MYOD1; NFIL3; CS; NR4A1; PPARD; NPY; MYF5 0.0319
TUBB3 152 MRC1; BDNF; GSK3B; HIF1A; MAPK1; CDH1; CYP19A1 0.0324
GAP43 157 10 APOD; NEFL; BDNF; ATF3; MAPK12; GSK3B; ANXA2; MAPK1; 0.0327
SOCS3; CYP19A1
FOXP1 52 5 RUNXT1; KRAS; NR4A1; MSX2; HOXC9 0.0345

found that the Ucp1 signals were also induced in BAT tissues of
GD-treated mice (Supplementary Figure 4).

DISCUSSION

As the zebrafish model is a powerful tool for anti-obesity
drug discovery, we used juvenile zebrafish for test material
screening and adult diet-induced obese zebrafish to assess the
hit materials. Using this evaluation system, we detected GD
as an anti-obesity material by using small-scale drug screening
(30). In the present study, we further investigated the effects of
GD on the suppression of visceral adiposity and the possible
molecular mechanism involved. Conclusions derived from the
experiments with the zebrafish were eventually confirmed by
the observations in the obese mouse model, providing a new
target for combating human obesity. Based on these results, we
have decided to plan a human trial to test the potential function
of GD in improving human adiposity. Ten years ago, Bowman
and Zon proposed a novel phenotype-driven drug discovery
pipeline (39). They suggested using zebrafish first to perform
high-throughput screening and to identify the lead compound
in any given issue, and then optimizing the lead compound
by mammalian modeling, and finally, by using human/clinical
trials. This strategy leads to a fast and cost-effective route
for drug development. Our current study conforms to this
proposal and provides an example for expediting anti-obesity
drug development.

Genome-wide gene expression analysis using transcriptome
sequencing provides a convenient tool to detect molecular
mechanisms underlying the anti-obesity effects of GD. Table 1
shows that GD intake significantly regulated pathways related
to digestion and gastrointestinal absorption including gastric
emptying, intestinal motility, and gastrointestinal motility. This
result was consistent with the conclusion of a previous study
that administered '*C-labeled lipids to mice and found that
the radioactivity level in feces excreted from GD-administered
mice was twice that of the control mice (27). Among the
top 15 protein expression targets regulated by GD in obese
zebrafish liver tissue (Table2), several gene set seeds have
been reported to be involved in energy and lipid metabolism.
Platelet-derived growth factor receptor p (PDGFRB) is an
adipocyte progenitor marker, and PDGFR signaling determines
adipocyte progenitor commitment to white adipogenesis (40);
nuclear receptor subfamily 4, group A, member 1 (NR4A1l),
and CD44, both of which have been demonstrated as negative
regulators of UCP1 (41, 42), were also modulated by GD.
These results revealed the possible pathway mechanisms of GD
that contribute to the anti-obesity effects that were previously
observed. In addition to these gene set seeds, we noticed the
measured neighbors of UCP1 regulated by GD in Figure 2A.
GD administration upregulated the mRNA expression of brain-
derived neurotrophic factor (BDNF), spermidine/spermine N1-
acetyltransferase (SAT1), mitofusin 2 (MFN2), and protein
kinase AMP-activated catalytic subunit alpha 2 (PRKAAZ2).
BDNF is an immediate and direct modulator of energy
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Ucp1 in 3T3-L1 cells. **p < 0.01 vs. control, n = 6, error bars indicate SD.
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FIGURE 2 | Expression levels of UCP1 in zebrafish liver and VAT. (A) Protein expression targets of UCP1 were identified by Pathway Studio comparing altered genes
in GD-treated zebrafish with those of OF zebrafish. The red and blue colors denote genes with increased and decreased expression, respectively. The gray color of
UCP1 indicates UCP1 was not detected in RNA-Seq analysis. Gene expression level changes of ucp1 in zebrafish liver (B) and VAT (C) were validated by gPCR
analysis. *p < 0.05 vs. OF, n = 5, error bars indicate SD. (D) Representative images of AdipoRed staining of differentiated control adipocytes and GD-treated
adipocytes. 3T3-L1 cells were differentiated and treated with 10 mg/mL GD for 2 days and processed for AdipoRed staining. Mature adipocytes were photographed
at the magnification of 40 x (upper panels) and 200 x (lower panels). The red color indicates lipid accumulation. (E) Effect of 10 mg/mL GD on intracellular lipid
accumulation in 3T3-L1 adipocytes. Cellular lipid content was measured by AdipoRed assay. *p < 0.01 vs. control. (F) GD-induced mRNA expression level change of

expenditure (by inducing UCP1) and glucose metabolism in
obese diabetic animals (43). SAT1 is the key enzyme involved
in the catabolism of polyamines. SAT1 transgenic mice with
activated polyamine catabolism showed reduced WAT mass,
a high basal metabolic rate, and improved glucose tolerance
(44). MEN2 is a GTPase enzyme that controls mitochondrial
dynamics and is a mediator of mitochondria to lipid droplet
interactions, influencing lipolytic processes and whole-body
energy homeostasis (45). PRKAA2 is a subunit of AMP-activated
protein kinase (AMPK), which is known to be a cellular energy
sensor (46). One study reported that hepatic AMPK activation
blocks white adipose tissue expansion in diet-induced obese mice
(47). Considering these results in zebrafish and referring to the
available literature, we hypothesized that GD improves visceral
adiposity by upregulating UCP1.

To confirm this hypothesis, we administered GD in mice.
The short-term administration of GD showed a trend to
decrease the VAT volume, and the adipocyte hypertrophy was

significantly ameliorated (Figure 3). The mRNA expression and
protein levels of Ucpl in eWAT were also upregulated by GD
administration. Studies have demonstrated that the browning
process accompanied by increased Ucpl expression exerts anti-
obesity effects in rodent models!!. Our findings indicate that
GD administration upregulates UCP1, which may be associated
with an active browning process that finally results in anti-obesity
effects. A recent report revealed that silk peptide prevents HFD-
induced obesity and induces WAT browning by activating AMPK
and increasing UCP1 expression in mice (48). These similar
findings regarding GD function provide further evidence that
dietary bioactive peptides may act as a preventive or therapeutic
agent for obesity treatment.

Besides UCP1, another member of the thermogenesis family,
UCP3, is also regulated by GD administration (Table 2). UCP3
is mainly expressed in the skeletal muscles of mammals and
is known to substantially contribute to lipid metabolism and
whole-body energy metabolism (49, 50). Choi et al. demonstrated
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that the overexpression of UCP3 in skeletal muscle protected
mice from HFD-induced defects, including increased whole-
body fat mass, hepatic steatosis, and insulin resistance, through
an increase in the whole-body energy expenditure (51). In
addition, UCP3 can protect mitochondria against fat oxidation
by increasing fatty acid delivery (52). In our study, GD-
mediated expression of UCP3 in the zebrafish liver may be
linked to increased fatty acid oxidation and energy expenditure.
Another member of the UCP family, UCP2, is reported to
be upregulated in the mouse skeletal muscle by GD feeding,
which may be related to its beneficial effects on glucose
metabolism (28). In this study, significantly increased Ucp2
mRNA expression was also observed in the skeletal muscle
tissue of GD-treated mice (Supplementary Figure 5). In addition
to the role of UCP2 as a glucose transporter in skeletal
muscle, Ucp2 is also involved in the regulation of energy
metabolism and obesity (53). A positive correlation between
weight loss and UCP2 expression has been reported (54).
Although no weight loss was found in the GD-treated zebrafish
and obese mice models, some myogenesis biomarkers were
found to be upregulated in the skeletal muscle of mice (data
not shown). This finding may explain why GD inhibits VAT
accumulation without weight loss. We are currently working
on evaluating the effects of GD on promoting muscle growth
and hope to publish our findings soon. Taken together, we
hypothesize that GD might systemically activate UCPs (UCP1,
UCP2, and UCP3) to increase energy expenditure in the body,
in addition to VAT and muscles; however, further studies
are needed.

In the present study, we demonstrated that GD reduced
VAT accumulation and ameliorated hyperlipidemia in obese
zebrafish and mouse models. Transcriptomic analysis using
zebrafish revealed that UCP1 is a novel target of GD.
Furthermore, mRNA expression and protein levels of Ucpl
in the eWAT of obese mice were also upregulated in
response to GD administration. Our study results provide
evidence that GD supplementation inhibits visceral adiposity
through UCP1 upregulation, suggesting its novel role in anti-
adiposity therapy.
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