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Background and aim: Metabolic syndrome (MetS) is a complex disease of physiological imbalances
interrelated to abnormal metabolic conditions, such as abdominal obesity, type II diabetes, dyslipidemia
and hypertension. In the present pilot study, we investigated the nutraceutical bitter melon (Momordica
charantia L) -intake induced transcriptome and metabolome changes and the converging metabolic
signaling networks underpinning its inhibitory effects against MetS-associated risk factors.
Experimental procedure: Metabolic effects of lyophilized bitter melon juice (BMJ) extract (oral gavage
200 mg/kg/body weight-daily for 40 days) intake were evaluated in diet-induced obese C57BL/6J male
mice [fed-high fat diet (HFD), 60 kcal% fat]. Changes in a) serum levels of biochemical parameters, b)
gene expression in the hepatic transcriptome (microarray analysis using Affymetrix Mouse Exon 1.0 ST
arrays), and c) metabolite abundance levels in lipid-phase plasma [liquid chromatography mass spec-
trometry (LC-MS)-based metabolomics] after BMJ intervention were assessed.
Results and conclusion: BMJ-mediated changes showed a positive trend towards enhanced glucose ho-
meostasis, vitamin D metabolism and suppression of glycerophospholipid metabolism. In the liver, nu-
clear peroxisome proliferator-activated receptor (PPAR) and circadian rhythm signaling, as well as bile
acid biosynthesis and glycogen metabolism targets were modulated by BMJ (p < 0.05). Thus, our in-
depth transcriptomics and metabolomics analysis suggests that BMJ-intake lowers susceptibility to the
onset of high-fat diet associated MetS risk factors partly through modulation of PPAR signaling and its
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downstream targets in circadian rhythm processes to prevent excessive lipogenesis, maintain glucose
homeostasis and modify immune responses signaling.
© 2021 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Metabolic syndrome (MetS) is widely recognized as a condition
that arises from the combined onset of multiple metabolic disor-
ders, such as obesity, dyslipidemia, glucose intolerance, hyperten-
sion/stroke, diabetes and cardiovascular disease.1e3 According to
the statistics reported by the Centers for Disease Control and Pre-
vention, several major risk factors of MetS, such as cardiovascular
disease, stroke and diabetes are ranked among the top ten leading
causes of mortality in the United States (US).4 Diagnosis and
treatment of MetS has been a challenge due to the multiple traits of
this disease. The National Cholesterol Education Program Adult
Treatment Panel III (NCEP-ATP III),5,6 CardioMetabolic Health Alli-
ance Staging system,7 and International Diabetes Foundation (IDF)8

have developed diagnosis criteria widely used to diagnose MetS.9

However, a global consensus has not been reached on this criterion.
Precision nutrition focused preventive and therapeutic regi-

mens show promise as alternative approaches for the management
of MetS.10e14 In this regard, the use of nutraceutical such as
Momordica charantia L. (bitter gourd or bitter melon fruit), a
member of the Cucurbitaceae family,15 has been shown to lessen
symptoms associated with aberrant metabolic conditions.16e22 The
plant of bitter melon is a climber and bears oblong fruits (cucumber
shaped); the young fruits are emerald/green in color and on
ripening turn to orange-yellow.15 Bitter melon fruit, as well as its
other parts, have been used in traditional medicine against insulin
resistance, hyperlipidemia, hyperglycemia, inflammation and other
conditions in Asian, African and Caribbean cultures.15e17,23,24 The
MetS improving properties of bitter melon have been attributed to
a mixture of phytochemicals such as, steroidal saponins (e.g.
charantin), alkaloid (vicine), polypeptide-p (referred to as plant
insulin), other cucurbitane-type triterpenoids (momordicosides)
and a-eleostearic acid.15,25 In recent scientific reports, the meta-
bolic regulatory, anti-diabetic and anti-lipidemic effects of bitter
melon and its constituents have been recognized in glucose and
lipid metabolism.18e20,26e28 These effects have been verified in
diet-induced obese (DIO) murine studies,16,17,29,30 where bitter
melon intake has been linked to the improvement in insulin
sensitivity, plasma high-density lipoprotein (HDL) levels and
modulation of immune response signaling.16 In obesity-associated
inflammation, bitter melon has been shown to exert a suppres-
sive effect against inflammation as evidenced by its reduction of
serum cytokine levels and macrophage/mast cell recruitment in
adipose tissue in DIO mice.17

Recent clinical trials have also shown several health benefits of
bitter melon against MetS and other associated conditions.18e20

Different preparations of bitter melon significantly reduced fast-
ing plasma glucose levels of type II diabetic18 and pre-diabetic
patients.19 MetS incidence was decreased by 7.1% after lyophilized
wild bitter melon consumption (4.8 g) in Taiwanese adults (after 3
months) in an open-label uncontrolled supplementation trial.20

These pre-clinical and clinical studies demonstrate the potential
of bitter melon to control and improve exacerbated immune re-
sponses, abnormal metabolism of glucose and lipids in MetS.

On the other hand, our laboratory studies have shown that anti-
pancreatic cancer effects of bitter melon are mediated via
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modulation of phosphoinositide 3 and Akt serine/threonine kinase
signaling (which are critical to glucose homeostasis and other
metabolic mechanisms).23,24,31e33 Taken together, literature on
these signaling pathways show that bitter melon primarily, 1) is a
key activator of AMPK (adenosine monophosphate-activated pro-
tein kinase) and PPARs (Peroxisome proliferator-activated re-
ceptors) [a/g], and 2) rebalances lipid and glucose metabolism, and
3) attenuates metabolic abnormalities. In the present pilot study,
we investigated bitter melon-intake induced transcriptome and
metabolome changes and the converging metabolic signaling net-
works underpinning its inhibitory effects against MetS-associated
risk factors.

2. Materials and methods

2.1. Serum biochemical profiling kits

Relevant Colorimetric or Fluorometric Assay kits were used to
determine the serum levels (n ¼ 4/group) of Glucose [Caymen
Chemicals, Ann Arbor, MI, USA (# 10009582)], Triglyceride [Abcam,
Cambridge, MA, USA (# ab65336)]; Total Cholesterol [Caymen
Chemicals (# 10007640)]; High-density (HDL), low-density (LDL),
very low density (VLDL) lipoprotein levels [Abcam (# ab65390)];
Leptin [Invitrogen, Carlsbad, CA, USA (# KM C2281) and Adipo-
nectin [Abcam (# ab108785)].

2.2. Bitter melon juice (BMJ) extraction and storage

BMJ was extracted from commercially available Chinese variety
of bitter melon fruit (Momordica Charantia) and a standardized
lyophilized preparation was prepared as described previ-
ously.23,24,31 The smooth green-Chinese variety used in the study
have a characteristic pebbly surface with smooth length wise
ridges. Briefly, bitter melon fruit, after discarding seeds and pulp, is
juiced using a juicer, and the juice centrifuged at 3000�g at 4 �C for
30 min. Under aseptic conditions, BMJ is vacuum filtered (corning
cellulose acetate filter, 0.22 mm), stirred for homogeneity and
dispensed (10e12 mL) into 20 mL Wheaton serum vials for batch
lyophilization using a SMART cycle on a Lyostar3 (FTS Systems SP
Scientific) system. Prior to vial closure, containers are back sealed
with N2; using this method, presently we have already standard-
ized the procedure to typically obtain about 260 vials per batch
starting with 10 lbs of Chinese green bitter melon that gives 300mL
BMJ/lb fruit and 340 mg lyophilized BMJ powder/10 mL BMJ. All
these steps are well standardized. An advantage of bulk process,
producing many sealed vials, is that it allows us to systematically
conduct long-term stability and storage studies over an extended
time-period to further ensure quality control and to avoid batch-to-
batch variations.

2.3. Bitter Melon Juice extract-dietary intervention study

Sixteen-week-old diet-induced obese (DIO) C57BL/6J male mice
[fed-high fat diet (HFD), 60 kcal% fat from Research diets Inc., New
Brunswick, NJ, USA (#D12492)] from 4 weeks of age] were pur-
chased from Jackson labs (Bar Harbor, ME, USA). The D12492 diet
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formulation contains Proteins (20% Kcal) as Casein, Lactic-30 mesh
(200 g) and Cystine, L (3 g); Carbohydrates (20% Kcal) as Lodex 10
(125 g) and Sucrose-fine granulated (72.8 g); Fiber as Solka Floc,
FCC200 (50 g); Fat (60% Kcal) as Lard (245 g) and Soybean oil-USP
(25 g); Mineral-S10026B (50 g); Vitamins as Choline Bitartrate (2 g)
and V10001C (1 g); the diet appears blue due to addition of Blue
FD&C, Alum Lake (35e42%: 0.05 g) in a total diet weight of 773.85 g.
The energy density is 5.21 Kcal/g.

Once received at the animal house facility in the University of
Colorado Denver [Anschutz Medical Campus (AMC), Aurora, CO,
USA], the DIO mice were randomized into two groups (n ¼ 4/
group): a) Control-DIO group maintained on the 60 kcal% HFD for
additional 40 days, and b) BMJ þ DIO group also maintained on
60 kcal% HFD fat for additional 40 days plus oral gavage with
lyophilized bitter melon juice extract [(200 mg/kg body weight/
day), reconstituted in sterile deionized water immediately before
use, and given as total volume of 100 mL per mouse at 11:00 a.m.
daily] throughout the study. On similar lines, the Control-DIO group
was also subjected to oral gavage with vehicle only (100 mL sterile
deionized water) throughout the duration of the study. Throughout
the course of the study, mice had water ad libitum; weight of the
mice and diet-intake was measured twice weekly and mice were
monitored daily for their general health. On day 40 of study initi-
ation, mice in both groups were subjected to fasting for 6 h and
then sacrificed after CO2 asphyxiation and exsanguination. Blood
was collected and plasma/serum stored for biochemical/metabolic
assessments. Liver was weighed, a portion fixed in formalin for
histopathological processing while another portion was flash
frozen in liquid nitrogen and stored in �80 �C for measuring RNA
expression levels. The study was conducted according to the
guidelines of the Declaration of Helsinki, and the animal treatment
protocol was approved by the Institutional Animal Care and Use
Committee of the University of Colorado Denver-AMC Protocol #
57913(04)1E.

2.4. Microarray analysis

RNA extraction from frozen livers (n ¼ 3/group) stored in
RNAlater solution (Life Technologies, Carlsbad, CA, USA) of both DIO
and BMJ þ DIO groups and nucleic acid clean-up were performed
using RNeasy plus Universal and RNeasy Mini kits (Qiagen, Ger-
mantown, MD, USA) according to the manufacturer's instructions,
respectively. RNA was converted to cDNA and hybridized to sepa-
rate Affymetrix Mouse Exon 1.0 ST arrays (Santa Clara, CA, USA)
according to manufacturer's recommendations.34 Expression esti-
mates and detection above background p-values for individual
genes were estimated using Affymetrix Power Tools and the RMA-
sketch algorithm.35 Probe sets were grouped into gene clusters
using ensembl gene annotation (GRCm38 version 89). A probe set
was included in a gene cluster if all of its associated probes aligned
to a region completely contained within the exonic region of the
transcript.

2.5. Liquid chromatography mass spectrometry

Plasma collected from DIO and BMJ þ DIO groups (n ¼ 3/group)
were subjected to untargeted liquid-chromatography mass spec-
trometry (LC-MS)-based metabolomics.36,37 Briefly, each sample
(100 mL) was subjected to protein precipitation using methanol,
followed by liquid-liquid extraction using methyl-tert butyl ether
as previously described38,39 to obtain an aqueous fraction and a
lipid fraction. The lipid fractionwas dried down and resuspended in
100% methanol for LC-MS analysis. The samples from the lipid
fractionwere injected on to an Agilent Zorbax Rapid Resolution HD
(RRHD) SB-C18, 1.8 mm (2.1 � 100 mm) analytical column and an
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Agilent Zorbax SB-C18, 1.8 mm (2.1 � 5 mm) guard column attached
to an Agilent 1290 series pump. The autosampler tray temperature
was set at 4 �C, column temperature was set at 60 �C, and the
sample injection volume was 4 mL. The flow rate was 0.7 mL/min
with the following mobile phases: mobile phase A was water with
0.1% formic acid, and mobile phase B was 60:36:4 isopropyl alco-
hol:acetonitrile:water with 0.1% formic acid. Gradient elution was
as follows: 0e1 min 30e70% B, 1e7.92 min 70e100% B,
7.92e10.4 min 100% B, 10.4e10.5 min 100-30% B, followed by col-
umn re-equilibration with 30% B from 10.5 to 15.1 min. The mass
spectrometry conditions were as follows: Agilent 6210 Time-of-
Flight mass spectrometer (TOF-MS) in positive ionization mode
with dual electrospray (ESI) source, mass range 60e1600 m/z, scan
rate 2.03, gas temperature 300 �C, gas flow 12.0L/min, nebulizer
30psi, skimmer 60V, capillary voltage 4000V, fragmentor 120V,
reference masses 121.050873 and 922.009798 (Agilent reference
mix). Given that Agilent 6210 is a TOF and not a QTOF MS, the ac-
curate mass and retention time (AMRT) library was built on a 6520
QTOF comprising the same LC parameters and very similar MS
parameters to the 6210 while also incorporating MSMS at 10, 20,
and 40 eV. This AMRT library was built using >600 known stan-
dards from the Iroa MSMLS, as well as in-house standards for other
small molecules and lipids not currently present in the MSMLS.
Comparing these known standards across both MS platforms, the
retention time shift was in a range of 0.1e0.5 min across years and
different lots of the same HPLC column type. As such, this AMRT
library built from MSMS and RT of standards could be used on the
6210 data files for an added degree of confidence in compound
names.

2.6. Metabolomics data extraction and annotation

A plasma sample randomly selected from one of the mice was
prepared as described above for use as a quality control (QC)
sample to monitor instrument reproducibility over the run batch
for a total of 5 injections. Total ion chromatograms of all samples
were evaluated for retention time reproducibility and intensity
overlap. Instrument QC samples were analyzed to ensure that peak
areas of spiked internal standards in the plasma samples were
reproducible with coefficient of variations �10%. Compounds were
extracted in MassHunter Profinder B.06 (Agilent Technologies,
Santa Clara, CA, USA) using the Batch Recursive Feature Extraction
workflow. The Molecule Feature Extraction conditions were as
follows: Retention time range 0.25e10 min. Ion species Hþ, Naþ,
Kþ, charge state 1e2, two or more ions, retention time window
0.2 min, height >1000 counts, MFE score 80, and compounds must
be present in at least 2 samples. The Ion parameters were as fol-
lows: retention time window 0.2 min, peak height >1000 counts,
and compounds must be present in at least 2 sample files.40

Metabolites were annotated in Mass Profiler Professional soft-
ware v14.5 using an in-house mass and retention time library
consisting of >700 authentic standards.41,42 The remaining com-
pounds were matched to an in-house database comprising data
fromHumanMetabolome Database (HMDB), Kyoto Encyclopedia of
Genes and Genomes (KEGG) and LIPID Metabolites and Pathways
Strategy (LIPID MAPS) using isotope ratios, chemical formulas,
database scores and a mass error window of �10 ppm. Metabolite
abundance levels, retention time, mass and chemical formulas
were exported from these databases using Mass Profiler.43

2.7. LC-MS chemicals, standards and reagents

All solvents were LC-MS grade. Water and isopropyl alcohol
were purchased fromHoneywell Burdick& Jackson (Muskegon, MI,
USA); chloroform, acetonitrile, methanol, acetic acid, low retention
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microcentrifuge tubes, serological pipettes were purchased from
Fisher Scientific (Fair Lawn, NJ, USA); plastic pipette tips were
purchased from USA Scientific (Orlando, FL, USA); methyl tert-butyl
ether was purchased from J.T. Baker (Central City, PA, USA); internal
standards were purchased from Avanti Polar lipids Inc. and Sigma
Aldrich (St. Louis, MO, USA); pyrex glass culture tubes were pur-
chased from Corning Incorporated (Corning, NY, USA).

2.8. Gene and metabolite functional enrichment analysis

To enable functional interpretation of experimental data,
enrichment analyses were performed using in silico platforms.
Protein and pathway associations were predicted based on gene
ontology (GO), and KEGG pathway using web-based Enrichr
tool,44,45 STITCH.46 Enrichment of gene profiles were correlated to
target disease phenotypes (Disease Atlas) and compounds (Phar-
maco Atlas) using an analogous Gene Set Enrichment Analysis
(GSEA) method (Illumina BaseSpace Correlation Engine, San Diego,
CA, USA).47 Enrichment analysis of LC-MS metabolomic data was
performed via HMDB, KEGG and LIPID MAPS databases to predict
the biological role, chemical classification and associated pathways
using the Metabolite Biological Role 2.0 (MBRole 2.0)48 tool.

2.9. Statistical analysis

Microarray gene expression differences in the two study groups
(BMJ þ DIO vs. DIO) above background in at least 3 samples was
included in the differential expression analysis (± 1.2� ratio; DABG
p < 0.0001) and were determined using the empirical Bayes
method to stabilize variance estimates in the limma package of R (R
version 3.2.3).49 All statistical analyses of animal experimental data
collected from BMJ þ DIO and DIO study groups were determined
either by unpaired Student's t-test or one-way analysis of variance
(p � 0.05) followed by adjustment for multiple hypothesis testing
carried out with Sigma Stat software version 2.03 (Jandel Scientific,
San Rafael, CA, USA). Statistical analyses of Enrichr and STITCH
protein and pathway associations were determined by unadjusted
p-value values (p � 0.05), the false discovery rate (FDR) method
(FDR�0.05), confidence range (low: <0.4, medium: 0.4 to 0.7, high:
>0.7), and combined scores. Illumina BaseSpace analyses of gene
expression data between the two study groups (BMJ þ DIO vs. DIO)
determined related disease phenotypes and compounds with
similar activity using p-values computed by the Fisher's exact test.
Statistical difference in metabolite abundance levels (± 1.2 � fold
change) in the BMJ þ DIO (treatment) and DIO (control) study
groups were determined by unpaired Student's t-test (p � 0.05)
followed by FDR�0.05 using theMass Profiler Professional software
v14.5. MBROLE computes the statistical significance of each anno-
tation in a set of metabolite compounds based on a random set of
the same size from the background set using unpaired Student's t-
test and FDR�0.05.

3. Results

3.1. Modulatory effect of BMJ on diet-induced obese state

To understand the metabolic effect of bitter melon on diet-
associated obesity (a major MetS risk factor), DIO C57BL/6J male
mice fed on a HFD were subjected to oral administration of BMJ
extract (200 mg/kg per body weight) for 40 days. HFD-induced
obesity in this mice model is associated with metabolic aberra-
tions (though HFD may not necessarily induce hyperglycemia), i.e.,
insulin resistance, hyperinsulinemia, impaired glucose intolerance,
hyperlipidemia, and hypertriglyceridemia. Importantly, after BMJ
intervention, the increase in body weight gain from baseline
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(intervention study initiation-day 0) was relatively less compared
to untreated DIO controls (Fig. 1A, Supplemental Table 1). It is
noteworthy that there was no decrease in body weight in
BMJ þ DIO group compared to baseline weights of DIO mice, which
indicated that BMJ could not reverse the effects of HFD diet on
weight gain, but BMJ could slow down the weight gain in the
presence of continued exposure to HFDs (therewas no difference in
diet intake). In line with this observation, the mean liver weight in
BMJ þ DIO group was ~24% less than DIO controls (Fig. 1B; though
the difference was not statistically significant; p ¼ 0.19). On gross
appearance, the livers of DIO mice had a buff/fatty-creamy
appearance, while livers from BMJ þ DIO group appeared normal.
To confirm whether this decrease in liver weight had any patho-
logical manifestations, we compared the histopathology of hepatic
tissue from both mice groups. As shown in Fig. 1B, irrespective of
treatment, the hepatic tissue in both groups had fatty deposits and
showed signs of non-alcoholic fatty liver disease with steatosis;
comparatively, the BMJ þ DIO hepatic tissues displayed less
aggressive signs of steatosis.

Importantly, in accordance with previous studies16e21,29 on
bitter melon’ response toMetS risk factors, in the present study BMJ
also improved metabolic profiles of DIO mice. Serum glucose
(p ¼ 0.01) and triglyceride levels (p ¼ 0.04) were significantly
lowered by ~26e42% in BMJþ DIO group compared to DIO controls
(Fig. 1C, Supplemental Table 1). While total cholesterol was not
significantly decreased by BMJ intervention, the increase in HDL
levels was statistically significant (p < 0.02) (Fig. 1C, Supplemental
Table 1). Notably, the LDL to HDL ratio was decreased by ~35% in
BMJ þ DIO group. Relative to DIO mice, serum leptin was decreased
by 28% and adiponectin showed a 1.27-fold up-regulation (p¼ 0.05,
for both) in the serum of BMJ-fed DIO mice (Fig. 1C, Supplemental
Table 1).

3.2. BMJ modulates circadian rhythm via Ppar signaling in hepatic
metabolism

Previously, bitter melon supplementation has been shown to
counteract metabolic abnormalities16,17,26,27,30 in murine models
and humans by decreasing lipogenesis and improving insulin
sensitivity to glucose as a compensatory response. To determine
metabolic signaling changes associated with BMJ intake during DIO
state, the gene expression levels of over 20,000 transcripts were
evaluated in RNA extracted from the liver of DIO mice (with and
without BMJ intervention) via microarray analysis (Fig. 2). Changes
were observed in 759 (±1.2 � ratio; 20% increase) and 183
(±1.5 � ratio change; 50% increase) transcripts in the liver of BMJ-
treated DIO mice compared to untreated DIO controls based on
p � 0.05 (Fig. 2 and Supplemental Table 2).

Pathway enrichment of the hepatic transcriptome of BMJ þ DIO
mice identified 11 pathways with KEGG database (p< 0.05) and 124
biological process of GO (p < 0.05) involved in metabolic regulation
compared to DIO controls via the Enrichr tools as shown in Tables 1
and 2 and Supplemental Table 3. Importantly, hepatic genes (536
up-regulated and 223 down-regulated) by at least ±1.2-fold in
BMJ þ DIO mice were shown to be involved in circadian rhythmic
processes (Cry1, Nr1d1, Per2, Per3, Rorc) via Ppara (Acsl1, Cpt1a,
Cyp4a32), and Pparg (Cyp7a1) signaling. BMJ targeted gluconeo-
genesis (Cry1, Per2), glucose transport (Trib3), glycogen metabolism
(Gys2, Nr1d1, Per2), and insulin resistance (Cpt1a, Gys2, Insr,
Ppp1r3b, Ppp1r3e, Trib3, Pik3r1), that influence glycemic responses
as shown in Tables 1 and 2 Notably, circadian rhythm signaling was
identified as a target of BMJ regulation in both KEGG and GO
pathways in Table 1 and Supplemental Table 3. Also, peroxisome
signaling (Ppar), a major regulatory pathway in metabolism, was
significantly modulated in the livers of BMJ þ DIO mice. Nuclear



Fig. 1. Body and liver weight changes, and biochemical profile in Bitter Melon Juice (BMJ)-treated high fat diet-induced obese (DIO) C57BL/6J mice. A) Relative body weight changes
in DIO vs. BMJ þ DIO mice. B) Relative liver weights of DIO vs. BMJ þ DIO mice (left panel); Representative pictographs (x100) of hematoxylin and eosin (H&E) stained hepatic tissue;
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Fig. 2. Volcano plot of differential hepatic gene expression in Bitter Melon Juice (BMJ)-
treated high fat diet-induced obese (DIO) C57BL/6J mice. Over 20,000 transcripts were
profiled from mouse liver via microarray. A total of 768 genes were differentially
expressed by ± 1.2-ratio (p � 0.05). Transcriptome profiling showed 535 were up-
regulated (red) and 223 were down-regulated (green) in BMJ þ DIO mice compared
to DIO controls. n ¼ 4 per group.
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receptors, Ppara and Pparg, have been shown to directly regulate
circadian rhythm signaling-which in turn is associated with the
metabolism of glucose, lipid, and Vitamin D.50e52 BMJ intervention
exhibited modulation of hepatic expression of glucose homeostasis
associated targets, such as insulin receptor (Insr) and glycogen
synthase 2 (Gys2), and also genes associated with cholesterol
metabolism and fatty acid oxidation in BMJ þ DIO mice compared
to the control DIO group. Lipogenic-related targets were altered in
BMJ þ DIO mice compared to control DIO mice. Transcript levels of
fat cell differentiation targets (Il11, Hmga2, Ffar2, Sox8, Inhbb, Gdf6)
were reduced by ~17e29% in BMJ þ DIO mice compared to control
DIO mice. However, BMJþ DIO mice showed an up-regulation ratio
ranging from 1.21 to 2.76 of browning-beiging (Aco2, Cycs, Slc25a20,
Fam195a, Cox7a2l/Cox7rp, Ahcyl1) and adipose tissue targets (Dgat2,
Rorc). Also, homeostasis and metabolism of triglyceride (Dgat2,
Nr1h4, Fitm2), glycerophospholipid (Gde1, Lcat, Pigl, Enpp6, Gpcpd1,
Plcb1, Pla2g7, Gpld1) and cholesterol (Angptl4, Cyp7a1, Lcat, Npc1,
Osbpl5) were also shown to be affected by BMJ intervention against
DIO (Supplemental Table 3, Fig. 3). Apart fromhepatic genes altered
by BMJ in primary metabolic processes, innate/humoral immunity
targets were also modulated (Supplemental Table 3). BMJ induced
expression changes in the immune response pathways such as
complement and coagulation cascade (C2, C4a, C4b, C8a, C8b, C9, Cfi,
C5ar1, F11, Masp1, Masp2) in innate immunity, acute/humoral (C4a,
C8a, C8b, C9, Cfi, Fcgr2b, Ffar2, Il6st), apoptotic cell clearance (C4a,
Ccl2), interleukin 6 associated genes (Ccl2, Il1r1, Il6ra, Il6st, Il15ra)
and serum adipocytokines (leptin, adiponectin) in DIO mice
(Supplemental Tables 2-3).
3.3. Correlation of diseases and nutraceutical agents’ efficacy with
BMJ effect on Metabolism

Next, we used the Illumina BaseSpace Correlation Engine plat-
form (Tables 3 and 4, Supplemental Table 4) to determine a) disease
phenotypes related to metabolic dysregulation (Disease Atlas), and
b) other natural products and/or bioactive agents which have a
similar effect on hepatic gene expression as BMJ (Pharmaco Atlas).
Nutraceutical and/or pharmacological agents that correlate with
BMJ-associated gene expression were evaluated in DIO mice using
the Pharmaco Atlas. BMJ-mediated effects correlated with 787
agents and as expected a strong relationship was shown with anti-
inflammatory, antibiotic, anti-lipogenic, anti-cytotoxic, anti-
diabetic and estrogen-like agents. For the top 30 ranked agents,
over 50% positively correlated with BMJ effects shown in Table 4.
Moreover, these agents have shown activities associated with anti-
prostaglandin (ibufenac), inhibition of angiotensin II-increased
protein synthesis (trilinolein), anti-diabetic (genipin), anti-tumor
(cryptoxanthin), anti-microbial (cefuroxime), anti-inflammatory
(fluocinolone acetonide, prednisone, 1-(2-cyano-3,12-
dioxooleana-1,9-dien-28-oyl) imidazole, betamethasone), anti-
cholesterol (fenofibrate), and estrogen agonism
(butylbenzylphthalate).

Through the Disease Atlas analysis, the top 10 phenotypes
related to BMJ þ DIO gene profiles were identified in MetS-related
diseases including heart, vascular, cancer, nutritional andmetabolic
diseases (Table 4). Of these studies, the data sets of HFD (52
studies), obesity (12 studies), heart disease (12 studies) and car-
diovascular disease (19 studies) phenotypes negatively correlated
with BMJ effect on the associated gene profiles in our study as
shown in Table 4 (Supplemental Table 4). Interestingly, this same
magnified images depicted at x400 magnification highlight the appearance of fatty globules/
content; scale bar: 50 mM C) Relative serum levels of metabolic parameters and adipokines in
DIO, diet-induced obesity; Glc, glucose; TGA, triglycerides; AdipoQ, Adiponectin. **p < 0.02
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effect was observed in relation to cancer gene targets also.
3.4. Changes in plasma metabolite levels post-BMJ administration
in diet induced obese Mice

To further examine the metabolic effects of BMJ, metabolomic
profilingwas performed on the lipid phase of plasma collected from
DIO mice (with and without BMJ intervention) using LC-MS to
identify circulating metabolites affected by BMJ intervention
(Figs. 3e4). Out of 464 database matched metabolites detected by
LC-MS, 36 metabolites were significantly different in BMJ þ DIO
mice relative to DIO controls (±1.2 � fold change; FDR�0.05).
However, only 36.1% of these 36 metabolites were annotated
following database searches, as shown in Table 5. For the remaining
23 metabolites, the chemical formulas, mass and retention time
were determined for all but 3 metabolites, which are indicated by
mass and retention time only (Supplemental Table 5).

BMJ primarily down-regulated plasma levels of phospholipids,
phosphatidylcholine (PC) [PC(20:4_20:4), PC(22:6_20:4)], phos-
phatidylethanolamine/PE [PE(18:1), PE(18:1) isomer], phosphati-
dylserine (PS) [PS(17:1)], vitamin D derivatives (25-azavitamin D3,
2-alpha-(benzyloxy)-1alpha,25-dihydroxy-19-norvitamin D3),
canavalioside, 13-deoxytedanolide and fertaric acid in BMJ þ DIO
mice relative to DIO controls (Table 5). Plasma metabolites, DG/
DAG/diacylglycerol 40:1), an intermediate of triglyceride, and
PE(22:6) exhibited the highest increase in abundance (>4-fold
change) in BMJ þ DIO mice (Table 5).

Several plasma metabolites involved in lipid metabolism were
affected by BMJ intervention. The pathway and chemical classifi-
cations of BMJ targeted metabolites in DIO mice were identified via
Metabolite Biological Role analysis (MBRole 2.0). These metabolites
steatosis (right panel). Arrows indicate bulging cells with large globules filled with lipid
DIO vs. BMJ þ DIO mice. BMJ was given for 40 days as oral gavage: 200 mg/kg body wt).
; *p < 0.05. n ¼ 4 per group.



Table 1
Bitter melon Juice (BMJ)-treated high fat diet (HFD)-induced obese (DIO) C57BL/6J mice Liver Transcriptome Enrichment Analysis. Signaling pathways were identified from
differentially expressed genes in the liver of BMJ þ DIO mice via KEGG and Panther pathway enrichment analyses (unadjusted p-value � 0.05). Genes involved in 2 or more
KEGG pathways are depicted in bold print. n ¼ 4 per group.

Pathway p-value Genes

Complement and coagulation cascades 1.33E-04 C4b;C4bp;C9;Cfi;C5ar1;F11;Masp2;Masp1;Hc;C8b;C8a;C2
Primary bile acid biosynthesis 2.71E-03 Acot8;Amacr;Cyp7a1;Slc27a5
Insulin resistance 3.37E-03 Gys2;Slc27a1;Cpt1a;Creb3l3;Pp1r3b;Ppp1r3e;Insr;Trib3;Pik3r1;Slc27a2; Slc27a5
Staphylococcus aureus infection 3.51E-03 C4b;Fcgr4;Cfi;C5ar1;Defb1;Masp2;Masp1;Hc;Fcgr2b;C2
RNA polymerase 3.88E-03 Polr2b;Polr1a;Polr1b;Polr3f;Polr2l
Peroxisome 4.88E-03 Acot8;Pex19;Amacr;Acsl1;Pex11a;Mpv17l;Pxmp4;Slc27a2;Ddo
Circadian rhythm 5.29E-03 Per2;Per3;Rorc;Cry1;Nr1d1
Prion diseases 9.10E-03 Hspa5;C9;Hc;C8b;C8a
PPAR signaling 1.63E-02 Slc27a1;Cpt1a;Acsl1;Cyp4a32;Angptl4;Slc27a2;Cyp7a1; Slc27a5
Choline metabolism in cancer 3.67E-02 Slc22a3;Slc22a5;Slc44a2;Dgka;Pik3r1;Plcg1;Plpp3;Gpcpd1
Cholesterol metabolism 3.91E-02 Npc1;Osbpl5;Lcat;Angtl4;Cyp7a1

Table 2
Metabolic-associated pathways and genes in Bitter Melon Juice (BMJ)-treated high fat diet (HFD)- induced obese (DIO) mice. Changes in KEGG pathway-associated hepatic
gene expression after BMJ treatment (unadjusted p-value�0.05). Genes involved in 2 or more KEGG pathways are depicted in bold print. n ¼ 4 per group.

Pathway Gene Ratio p-value FDR

Complement and coagulation cascades C2 1.24 3.98E-02 5.72E-01
C4b 1.35 3.74E-02 5.72E-01
C4bp 1.37 3.98E-02 5.72E-01
C5ar1 1.23 3.57E-02 5.72E-01
C8a 1.74 2.52E-02 5.72E-01
C8b 1.91 1.80E-02 5.72E-01
C9 1.52 3.28E-02 5.72E-01
Cfi 1.54 4.89E-02 5.72E-01
F11 1.40 3.30E-02 5.72E-01
Hc 1.65 3.43E-02 5.72E-01
Masp1 1.32 4.77E-02 5.72E-01
Masp2 1.26 4.72E-02 5.72E-01

Primary bile acid biosynthesis Acot8 1.27 1.93E-02 5.72E-01
Amacr 1.25 3.27E-02 5.72E-01
Cyp7a1 1.95 2.47E-03 5.72E-01
Slc27a5 1.29 4.89E-02 5.72E-01

Insulin resistance Cpt1a 1.26 2.54E-02 5.72E-01
Creb3l3 1.34 4.41E-03 5.72E-01
Gys2 1.47 1.98E-02 5.72E-01
Insr 1.42 4.47E-02 5.72E-01
Pik3r1 1.42 4.16E-02 5.72E-01
Ppp1r3b 1.59 1.90E-02 5.72E-01
Ppp1r3e 1.43 2.92E-02 5.72E-01
Slc27a1 1.31 1.55E-02 5.72E-01
Slc27a2 1.24 4.11E-02 5.72E-01
Slc27a5 1.30 4.89E-02 5.72E-01
Trib3 0.83 2.77E-02 5.72E-01

Circadian rhythm Cry1 1.53 3.57E-02 5.72E-01
Nr1d1 0.31 3.83E-04 5.72E-01
Per2 1.46 4.34E-03 5.72E-01
Per3 1.43 1.77E-04 5.72E-01
Rorc 2.76 9.39E-04 5.72E-01

PPAR signaling Acsl1 1.55 3.12E-03 5.72E-01
Angptl4 1.27 3.62E-02 5.72E-01
Cpt1a 1.26 2.54E-02 5.72E-01
Cyp4a32 2.27 2.71E-02 5.72E-01
Cyp7a1 1.95 2.47E-03 5.72E-01
Slc27a1 1.31 1.55E-02 5.72E-01
Slc27a2 1.24 4.11E-02 5.72E-01
Slc27a5 1.29 4.89E-02 5.72E-01

Cholesterol metabolism Angptl4 1.27 3.62E-02 5.72E-01
Cyp7a1 1.95 2.47E-03 5.72E-01
Lcat 1.23 4.69E-02 5.72E-01
Npc1 1.39 4.57E-02 5.72E-01
Osbpl5 1.26 4.11E-02 5.72E-01
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were predicted to function in phospholipid metabolism (i.e., glyc-
erophospholipid, linoleic acid metabolism), glycerophospholipid
metabolism/phospholipid biosynthesis (i.e., phosphatidylcholine,
phosphatidylserine, and phosphatidylethanolamine biosynthesis),
adaptive immunity (B cell receptor, T cell receptor) and
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adipocytokine (adiponectin, leptin, DG 40:1) signaling were
modified by BMJ treatment (FDR�0.05) as shown in Fig. 3 and
Supplemental Table 7. The biological roles of these metabolites
were identified as nutrients, membrane stability, cellular fuel and/
or energy sources (Supplemental Table 6).



Fig. 3. Bitter Melon Juice (BMJ) targeted signaling pathways in Metabolic Syndrome (MetS). Transcriptome and metabolome analyses identified several signaling pathways that
contribute to metabolic syndrome (MetS). Major risk factors of metabolic syndrome include cardiovascular disease, obesity, type II diabetes, dyslipidemia, hypertension and vitamin
D deficiency. BMJ treatment changed hepatic gene expression (*p � 0.05) and plasma metabolites (*FDR�0.05) involved in circadian rhythmic regulation, peroxisome proliferator-
activated receptor (PPAR) signaling, apoptosis, insulin resistance, glycerophospholipid, cholesterol and vitamin D metabolism that affect MetS risk factors (*FDR�0.05).
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Table 3
Top 30 compounds that correlate with Bitter Melon Juice (BMJ) effect in high fat diet (HFD)- induced obese (DIO) C57BL/6J mice liver transcriptome. Differentially expressed
transcripts in hepatic RNA extracted from BMJ þ DIO mice (unadjusted p-value�0.05) were imported into the BaseSpace correlation engine by Illumina. Top 30 highly
correlated compounds are displayed in the table. The Pharmaco Atlas genomic application tool identified compounds and treatments that correlate with gene expression data
based on public genomic data sources.

Compound Compound Group # of Studies Correlation Illumina Score

Okadaic Acid Membrane Transport Modulators/Enzyme Inhibitors 1 negative 100.00
Ethylnitrosourea Alkylating Agents 1 negative 96.33
Cefuroxime Unclassified Mechanisms of Action 1 positive 90.60
Trilinolein Unclassified Mechanisms of Action 2 positive 88.67
Cryptoxanthin Unclassified Mechanisms of Action 1 positive 86.44
Aflatoxins Unclassified Mechanisms of Action 1 negative 84.40
1-(2-cyano-3,12-dioxooleana-1,9-dien-28-oyl) imidazole Unclassified Mechanisms of Action 1 positive 84.35
Genipin Unclassified Mechanisms of Action 1 positive 83.58
Butylbenzyl phthalate Unclassified Mechanisms of Action 1 positive 81.59
Thioacetamide Unclassified Mechanisms of Action 14 negative 80.13
Malathion Enzyme Inhibitors/Neurotransmitter Agents 2 negative 79.46
Heptachlor Epoxide Unclassified Mechanisms of Action 1 negative 78.94
Senecionine Unclassified Mechanisms of Action 1 negative 76.54
Methapyrilene Neurotransmitter Agents 12 negative 74.13
N-nitrosomorpholine Unclassified Mechanisms of Action 1 negative 73.61
Naphthalene Unclassified Mechanisms of Action 2 negative 73.29
Colchicine Mitosis Modulators 8 negative 72.52
Ibufenac Unclassified Mechanisms of Action 2 positive 72.31
Miconazole Enzyme Inhibitors 8 negative 71.66
Cyanoginosin LR Enzyme Inhibitors 3 negative 71.54
Prednisone Unclassified Mechanisms of Action 5 positive 71.22
Tunicamycin Unclassified Mechanisms of Action 8 negative 71.17
Phenacetin Unclassified Mechanisms of Action 7 positive 70.88
Fluocinolone Acetonide Unclassified Mechanisms of Action 6 positive 70.74
Hexachlorobenzene Unclassified Mechanisms of Action 1 negative 70.65
Betamethasone Unclassified Mechanisms of Action 3 positive 70.58
Pristane Unclassified Mechanisms of Action 2 negative 70.50
Fenofibrate Unclassified Mechanisms of Action 20 positive 70.06
Direct black 3 Unclassified Mechanisms of Action 1 positive 69.95
Dimethylnitrosamine Unclassified Mechanisms of Action 8 negative 69.77

Table 4
MetS-related disease phenotypes in Bitter melon Juice (BMJ) treated high fat diet (HFD)- induced obese (DIO) C57BL/6J mice liver transcriptome. Differentially expressed
transcripts in hepatic RNA extracted from BMJ þ DIO mice were imported into the BaseSpace correlation engine by Illumina. Highly correlated phenotypes were selected from
among the top 3 Metabolic Syndrome (MetS)-related disease groups. The Disease Atlas genomic application tool identified disease traits, conditions and experimental
endpoints based on public genomic data sources that correlate with gene expression data based on public genomic data sources (unadjusted p-value � 0.05).

Phenotypes group Phenotype # of Studies Correlation Illumina Score

Nutritional and Metabolic Diseases High fat diet 52 negative 95.91
Nutritional and Metabolic Diseases Alpha-1-antitrypsin deficiency 1 negative 92.45
Nutritional and Metabolic Diseases Deficiency state 29 positive 84.07
Nutritional and Metabolic Diseases Ketogenic diet 2 positive 82.47
Nutritional and Metabolic Diseases Hypophosphatasia 2 positive 82.29
Nutritional and Metabolic Diseases Hypoalphalipoproteinemia 3 positive 82.15
Nutritional and Metabolic Diseases Ischemic reperfusion injury 7 negative 80.53
Nutritional and Metabolic Diseases Renal carnitine transport defect 1 positive 79.13
Nutritional and Metabolic Diseases Argininosuccinate lyase deficiency 2 positive 77.76
Nutritional and Metabolic Diseases Obesity 12 negative 70.37
Cancer Liver cancer 71 negative 94.08
Cancer Thyroid cancer 14 negative 68.75
Cancer Lung cancer 53 negative 66.49
Cancer Gastric cancer 23 negative 66.24
Cancer Kidney cancer 24 negative 65.47
Cancer Malignant tumor of intestine 52 negative 64.35
Cancer Adrenal cancer 5 negative 64.22
Cancer Brain cancer 40 negative 63.49
Cancer Malignant tumor of muscle 14 negative 62.82
Cancer Pancreatic cancer 9 positive 42.43
Heart and Vascular Diseases Cardiomegaly 13 negative 81.09
Heart and Vascular Diseases Cardiomyopathy 24 negative 78.89
Heart and Vascular Diseases Dilated cardiomyopathy 7 negative 75.28
Heart and Vascular Diseases Disorder of cardiac function 15 negative 74.89
Heart and Vascular Diseases Shock 7 negative 74.02
Heart and Vascular Diseases Endocarditis 2 negative 73.05
Heart and Vascular Diseases Hypertrophic cardiomyopathy 2 negative 72.66
Heart and Vascular Diseases Heart disease 12 negative 72.13
Heart and Vascular Diseases Heart failure 7 positive 70.76
Heart and Vascular Diseases Cardiovascular disease 19 negative 58.75
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Fig. 4. Network map of predicted metabolite and associated protein of differentially expressed hepatic genes in Bitter Melon Juice (BMJ)-treated high fat diet-induced obese (DIO)
C57BL/6J mice. Network mapping of significant lipid phase metabolites [PC(20:4_20:4), PC(22:6_20:4), PE(18:1), PE (22:6), 25-azavitamin D3, 2alpha-(benzyloxy)-1alpha,25-
dihydroxy-19-norvitamin D3,13-Deoxytedanolide, Fertaric acid, Diacylglycerol, and Neurine] detected in the plasma of BMJ þ DIO mice, and metabolites (Coenzyme A, L-Carni-
tine, Inositol 1,4,5-trisphosphate/I3P) associated with human genes (ACOT8, ACOT12, ACSL1, ACY1, CPT1A, DGAT2, HGSNAT, HMGCS1, NAT2, PIGL, PLA2G7, SAT2, SLC22A5, SLC25A20,
SLC27A5) were predicted to have associations based on experimental or in silico data using the STITCH database (http://stitch.embl.de). Nodes (sphere) represent a protein and splice
isoform or post-translational modification. Experimental and/or predicted interactions between proteins (sphere) and chemical (cubiod) are collapsed in the map. Each node
represents all the proteins produced by a single, and protein-coding gene locus. Network edges represent specific protein-protein associations jointly contribute to a shared
function-but does not mean proteins physically binding each other. A small node represents that the protein 3D structure is unknown, and a large node represents a partial or full
3D structure is known or predicted. A colored node is the first shell interactor, and a white node is the second shell interactor. Connectors represent predicted associations between
proteins and chemicals at high confidence (0.700). A red colored connector indicates the presence of fusion evidence. A green connector indicates neighborhood evidence. A black
connector indicates co-expression evidence.

Table 5
Liquid chromatography-mass spectrometry (LC-MS) identified plasma lipid phase metabolites in Bitter Melon Juice (BMJ) treated high fat diet (HFD)- induced obese (DIO)
C57BL/6J mice and key parameters. Metabolites significantly altered in the plasma of BMJþ DIOmice (FDR<0.05). n¼ 3 per group. Abbreviations: PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; DG, diacylglycerol.

Metabolite Mass (Da) Retention time (min) Elemental composition Log2 Fold Change FDR

PC(22:6_20:4) 853.56 5.00 C50 H80 N O8 P �1.15 2.25E-02
PE(18:1) 479.31 2.16 C23 H46 N O7 P �1.48 2.25E-02
Fertaric acid 308.05 0.41 C14 H14 O9 �2.66 2.25E-02
Neurine 85.09 0.42 C5 H13 N O �1.17 2.42E-02
PE(18:1) isomer 479.31 2.16 C23 H46 N O7 P �1.51 2.66E-02
25-azavitamin D3 384.35 4.09 C26 H43 N O �0.73 3.33E-02
Canavalioside 545.28 1.73 C26 H42 O12 �3.13 3.33E-02
PS(17:1) 508.28 1.70 C23 H44 N O9 P �1.87 3.33E-02
PC(20:4_20:4) 829.56 5.12 C48 H80 N O8 P �0.82 3.81E-02
PE(22:6) 524.30 3.40 C27 H44 N O7 P 2.16 3.81E-02
DG(40:1) 660.61 8.08 C43 H82 O5 2.22 3.81E-02
13-Deoxytedanolide 593.35 2.10 C32 H50 O10 �1.00 4.20E-02
2alpha-(benzyloxy)-1alpha,25-dihydroxy-19-norvitamin D3 487.41 2.74 C33 H50 O4 �0.72 4.20E-02
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Metabolite and gene interactions were also predicted between
differentially expressed hepatic transcripts and plasma metabolites
in BMJ-treated DIO mice via Enrichr (Supplemental Table 8). Me-
tabolites (Coenzyme A, L-carnitine, Acetic acid, Inositol 1,4,5-
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trisphosphate (I3P), and S-Adenosylhomocysteine) were linked to
15 human isoforms of mouse genes differentially expressed in
BMJ þ DIO group. Two genes, CPT1a and ACOT12, were predicted to
strongly relate to coenzyme A, L-carnitine and acetic acid (Fig. 4).

http://stitch.embl.de
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Also, Ppara-mediated lipid metabolism (HMGCS1, CPT1a, SLC27A5),
peroxisome/bile acid (ACOT8, ACSL1), insulin resistance (CPT1a,
SLC27A5), DAG, triglyceride and fatty acid synthesis (DGAT2, PLCG1,
PLCB1), b-oxidation/thermogenesis (CPT1a, ACSL1), ER stress
mediated apoptosis (ITPR1), and immune response, and phospho-
lipid (PLA2G7) targets were predicted to interact with plasma me-
tabolites as well; however, these interactions did not survive
multiple hypothesis testing.

4. Discussion

Diet-induced obesity is a major public health concern that
serves as a gateway condition to the development of undiagnosed
MetS in many American adults and adolescents.53e55 To address
this metabolic state, bitter melon-intake has been suggested as one
of the alternative approaches with beneficial effects against MetS.
However, studies delineating bitter melon inhibitory mechanisms
against MetS analyzing both the transcriptome and metabolome
under DIO state are absent; addressing this critical gap in the
literature is the focus of our present study. Our findings in this pilot
study show that bitter melon partially induces its metabolic effects
via coordination between Ppara and circadian rhythm targets to
modulate immune responses, and metabolic processes in glucose
homeostasis, glycerophospholipid and vitamin D metabolism.

Circadian rhythmic control exists in every metabolic process
and its dysregulation can disrupt the rhythmic patterns of various
metabolic processes leading to the onset of MetS.51,56 Accumulation
of abnormal metabolic signaling such as insulin insensitivity,
inflammation, imbalance of adipocytokine regulation, vitamin D
metabolism and glucose homeostasis contribute to MetS
development.16,17,26,27,30,57e59 Circadian rhythm abnormalities are
recognized as the overarching biological trigger for major condi-
tions involved in MetS pathogenesis.51,56,60 Energy sensory pro-
teins, PPARs51,61 and AMPK62e64 regulate circadian rhythmic
signaling. PPARs heterodimerizes with retinoid X receptors (RXRs),
and binds to the respective Ppar responsive regulatory ele-
ments(PPREs) on DNA of target genes to regulate circadian rhythm
signaling.65,66 AMPK mediates the phosphorylation and stability of
circadian-associated proteins, CRYand PER.63 In circadian signaling,
NAD þ biosynthesis and its rate-limiting enzyme, NAMPT, are
regulated by clock genes, Clock and Bmal1, by binding to the Nampt
promoter.63 Increased Nampt expression can activate AMPK leading
to enhanced SIRT1 activity via upregulation of NAD þ cellular
levels.63 Also, inhibition of Clock and Bmal1 gene expression occurs
via SIRT recruitment to the Nampt promoter.63 Circadian dysregu-
lation inMetS has shown a strong relationship to aberrant signaling
of metabolic regulators, PPAR and AMPK, and their targets.63,64

Notably, several doses of bitter melon have been shown to lower
triglyceride, cholesterol and increase adiponectin plasma levels via
upregulation of Ppara/g signaling and its targets in vivo.27,66,67

Bitter melon activation of AMPK has been commensurated by our
lab studies23,24 and other reports.68,69 Interestingly in our study,
analysis of the hepatic transcriptome after BMJ intervention in DIO
mice revealed an increase in Ppara signaling targets, Acsl1, Cyp4a32,
and Cyp7a1, that can lead to the activation of other associated
signaling such as AMPK, which is normally down-regulated in
MetS-related conditions.70 Furthermore, expression of clock ma-
chinery (Cry1, Per2), RAR-related orphan receptor gamma (Rorc)
and NAD rate-limiting enzyme Nampt in circadian rhythm signaling
was also enhanced in BMJ þ DIO mice compared to the control DIO
group in our study. Also, Nr1d1 transcription was reduced in
BMJ þ DIO mice. Expression of Cry1 and Per2 (circadian rhythmic
related genes) negatively correlates with cholesterol, waist
circumference, visceral and subcutaneous adipose tissue in obese
subjects71 and synchronization of serum Vitamin D levels in
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diabetes.72 In linewith these studies and this observation, circadian
rhythm signaling interconnects the metabolism of lipid, Vitamin D,
and cholesterol. Also, these results suggest BMJ upregulates circa-
dian rhythm targets and its effect on these targets are inversely
related to MetS-associated factors such as accumulation of
cholesterol and visceral adipose tissue.

Improvement of fatty acid oxidation via inhibition of Acc2 and
enhancing Cpt1a gene and protein activities has been viewed as a
potential therapeutic strategy to treat MetS.73,74 In this study, BMJ
reduced levels of obesity-associated genes (Hmgcs1, Apobr) and
plasma canavalioside; whereas, it up-regulated brown-beige
(Fam195a, Slc25a20), adipose tissue-associated genes (Dgat2, Rorc)
and moderately increased Cpt1a expression in the livers of
BMJþDIOmice. Also, themodest elevation of b-oxidation via Cpt1a
expression after BMJ treatment may be considered a possible anti-
lipogenic effect exerted by BMJ in the liver of DIO mice compared
with control DIOmice. Moreover, we observed amodest increase in
diglyceride acyltransferase 2 (Dgat2) levels in the livers of
BMJ þ DIO mice. BMJ intervention resulted in an increase in the
transcript levels of Rorc, a core clock/adipose tissue marker (by a
ratio of 2.76) suggesting activation of circadian rhythmic signaling
in the liver of DIOmice. Fam195a and Slc25a20were also previously
identified as beige fat and brown adipocyte tissue-related
markers.75 Though, upregulation of Dgat2 gene levels (coding for
Dgat2 protein-a critical enzymatic step in triglyceride synthesis in
WAT) and other adipose tissue-related targets were observed in the
current study, reduction of serum triglyceride and leptin levels as
well as the stimulatory effect of BMJ on the hepatic expression of
beige-brown fat, clock machinery, beta-oxidation and obesity-
associated markers further supports the anti-lipogenic role of
BMJ under HFD conditions. Interestingly similar to BMJ, it has been
reported that 1% green tea also increases Cpt1a levels in HFD-fed
mice.76 Though canavalioside has been implicated in adipose tis-
sue function, its role in MetS has not been well studied.77 Consid-
ering that hyperinsulinemia, hyperglycemia and hyperlipidemia
contribute to MetS pathogenesis and can develop as a result of
dysregulation of fatty acid oxidation mechanisms, it is plausible
that natural products similar to BMJ exert their anti-MetS effects
largely through the modulation of lipid metabolism. BMJ activation
of AMPK in our previously published studies23,24 and stimulation of
PPAR and circadian rhythm signaling-targets in the present study
provide more insight that BMJ may serve as a therapeutic agent
against metabolic abnormalities diagnosed in MetS patients.

Plasma levels of certain species of phospholipids are also
significantly modulated in metabolic conditions such as obesity,
cardiovascular disease and diabetes.78e83 BMJ showed its potential
to target glycerophospholipid metabolism as evidenced by the
suppression of serum PC, PE, and PS levels with the exception of
PE(22:6). Previous reports have also shown that levels of lysoPC,
lysoPE and lysoPC were restored following intervention treatments
in HFD mice.84,85 This finding in BMJ þ DIO mice may be as a result
of PC and PE synthesis associated enzyme deficiencies as observed
in other reports on phospholipid metabolism impairment,78,86,87

decreased cholesterol storage in CTP:phosphocholine cytidylyl-
transferase deficient macrophages,88 increased insulin sensitivity
in skeletal muscle cells of C57BL/6 mice81 and observed weight loss
in HFD-induced obesity in phosphatidylethanolamine N-methyl-
transferase-deficient mice.89 Plasma levels of diacylglycerol (DAG)
were increased in BMJþDIOmice, whereas triglyceride levels were
decreased (normally, triglycerides can be produced from DAG by
enzyme DGATor via PC by phospholipase C90). BMJ-associated high
DAG levels may disrupt triglyceride biosynthesis leading to low
levels in DIO mice. This is supported by another study wherein a
high DAG diet reduced visceral fat, body weight, insulin and leptin
circulating plasma levels in C57BL/6J mice.91
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In this regard, previous studies have also reported that certain
dietary constituents can interfere in the lipid synthesis/storage
processes in hepatic tissues under DIO conditions.92 One such
notable study has demonstrated that polyphenolic fraction of Cit-
rus fruit ‘Bergamot’ (Citrus bergamia Risso et Poiteau) has the po-
tential to target the abnormal accumulation of lipid droplets in
hepatic tissues of cafeteria diet-induced rat model of MetS via in-
duction of lipophagy (autophagy of lipid droplets).92 Bergamot-
intake induced lipophagy resulted in dispersion/fragmentation of
cellular lipid droplets in the hepatocytes, and the stored tri-
glycerides/cholesterol in the smaller lipid droplets become more
accessible to autophagosomes which resulted in hepatoprotective
effects against cafeteria diet-induced fatty liver state.92 AMPK was
identified as the possible key-player in Bergamot-induced lip-
ophagy.92 Given that in our study we also observed smaller lipid
droplets in the hepatic tissues after BMJ-intake and that AMPK
upregulation and apoptosis/autophagy induction via bitter melon-
intake has also been previously reported by us and others in certain
cancers,23,93 there is a possibility that the hepatoprotective effects
of BMJ are also partly associated with induction of lipophagy.
Interestingly, autophagy induction by bitter-melon constituents
has also been associated with PPARg activation93 (as observed in
the present study) which further indicates towards the link be-
tween Ppar modulation and possible induction of lipophagy by
BMJ.

For glucose homeostasis, BMJ stimulated glycogen metabolism
and insulin sensitivity (this effect was in line with previously re-
ported studies).18,19,26,30,94,95 Also, BMJ improved insulin sensitivity
via increasing levels of Insr and Pik3r1 (glucose uptake) and
Ppp1r3b, Ppp1r3e and Gys2 (in glycogen synthesis). Acute inflam-
mation marker, IL6st-which enhances pleiotropic IL6 signaling that
has been implicated in glucose metabolism via glucose transport,
was increased by BMJ. IL6 modulates insulin sensitivity via increase
in glucose levels via modulation of AMPK and STAT3/MAPK
signaling in skeletal muscle.96 Interestingly, two IL6st-associated
polymorphisms (rs715180, rs3729960) have been linked to elevated
MetS-associated markers (waist circumference, triglyceride and
fasting blood glucose levels) in non-diabetic subjects.97 In this re-
gard, bitter melon has been previously shown to modulate cell
cycle and apoptotic protein levels in pancreatic cancer via PI3K/
AKT, MAPK and AMPK signaling pathways that are critical to
glucose metabolism.23,24

In the context of MetS, Vitamin D deficiency via metabolism
impairment has been shown to play a pertinent role in the regu-
lation of several MetS risk factors.57,59,98e104 Both Vitamin D re-
ceptor (VDR) and PPARs can heterodimerize with RXR and in this
process compete for binding to RXR-their predominant hetero-
dimerization partner. After respective ligand binding to either
VDR or PPAR and subsequent heterodimerization with RXR, the
VDR and PPARs bind to their response elements (VDREs and PPREs)
on target genes to influence transcription.105 Interestingly, there is a
VDRE in the PPAR promoter site, thus PPAR could act as a Vitamin D
responding gene; this cross regulation of the VDR and PPAR
signaling pathways can in turn influence their respective tran-
scription factor/gene targets mRNA levels.105 Different studies have
shown that Vitamin D treatment with 1,25(OH)2D3 increased Pparg
expression in 3T3-L1 preadipocytes,104 and mice liver,52 and also
increased insulin sensitivity under obese state99,106; but its insuf-
ficiency impaired Cpt1a, AMPK and circadian-related SIRT protein
activities.57 Serum levels of Vitamin D are inversely related with
susceptibility to abdominal obesity102 and A1C levels100; the cir-
cardian pattern of the serum levels have been also shown to in-
fluence type II diabetes in patients.72 In our present study, BMJ-
intervention group exhibited up-regulated Cyp7a1 in cholesterol
metabolism and reduced 25-azavitamin D3 and 2-alpha-
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(benzyloxy)-1-alpha,25-dihydroxy-19-norvitamin D3. 25-
azavitamin D3 is a potent inhibitor of Vitamin D3 conversion to
25(OH) D3 in vitamin D metabolism.107 Therefore, there is a pos-
sibility that BMJ enhances Vitamin D metabolism to prevent defi-
cient vitamin D serum levels (evident by its reduction of 25-
azavitamin D3 plasma levels). Additional studies are needed to
further validate this effect of BMJ on Vitamin D metabolism in
MetS-associated diseases in the DIO model.

Interestingly in the current study, BMJ lowered plasma levels of
anti-tumor macrolide/antibiotic, 13-Deoxytedanolide, and antioxi-
dant fertaric acid in DIO mice. It has been reported in previous
studies that at low nanomolar concentrations, 13-Deoxytedanolide,
a potent plasminogen activator inhibitor (PAI) inducer, exerted
ribotoxic stress and cytotoxic responses in lung epithelial cells and
promoted apoptosis viaMAPK and JNK signaling in HeLa cells.108,109

Also, fertaric acid has been shown to improve antioxidant activity,
and inhibit the binding of human LDL to apolipoprotein B, a main
constituent of LDL, via its oxidation in vitro.110 Thus, it is quite
possible that the decreased levels of fertaric acid as a result of BMJ
feedingmay still be sufficient to inhibit lipoprotein oxidation in DIO
mice (considering at micromolar concentrations it inhibits more
than 60% of human LDL oxidation). However, to date, the biological
role of fertaric acid has not been well studied in MetS. Additional
studies to elucidate the mechanistic role of the plasma metabolites
shown in the present study will be required to understand how the
individual and combined effects of these metabolites impact MetS
development.

Furthermore, studies show that metabolic dysregulation trigger
immune response defense mechanisms such as pro-inflammatory,
adipocytokine signaling and immune cell recruitment in MetS
development.111e113 Reports have shown bitter melon increased
superoxide dismutase activity114 and attenuated pro-inflammatory
signaling in myocardial infarction, mitochondrial oxidation and
HFD or other biological agents (ethanol, lipopolysaccharide, bac-
terial) induced neuroinflammation, and macrophage/mast cell
infiltration in mice.17,26,115e118 Briefly, our results show BMJ inter-
vention has an expansive influence on immunity signaling as
indicated by its targeting of innate/adaptive (GO 0045087, GO
0002460), humoral immune (GO 0006959) and general immune
activation (GO 0002253) responses to combat pro-inflammatory
mediators involved in adipocytokine signaling. Specifically, our
study results showed that BMJ leads to inhibition of pro-
inflammatory cytokine (Ccl2), and higher levels of DG(40:1) (adi-
pocytokine-associated metabolite). Serum analysis corroborated
this observation as BMJ intervention was found to modulate adi-
pocytokine signaling as indicated by reduction in leptin and con-
current up-regulation of adiponectin levels.
5. Conclusion

In conclusion, our in-depth transcriptomics and metabolomics
analysis suggests that BMJ mediates its metabolic effects partly
through modulation of Ppara/g signaling and its downstream tar-
gets in circadian rhythm processes to prevent excessive lipogenesis,
maintain glucose homeostasis, modify immune responses signaling
in diet induced MetS (Fig. 5). Furthermore, BMJ stimulation of
steroid metabolic targets and suppression of inhibitor, 25-
azavitamin D3, may lead to enhanced Vitamin D metabolism in
the DIO murine model. Since BMJ remains a widely consumed
nutraceutical worldwide due to its effects that counteract various
metabolic-associated disorders, additional mechanistic studies
focused on these identified pathways are required to further
establish their integrated correlations with BMJ protective benefits
against MetS.



Fig. 5. Scheme depicting Bitter Melon Juice (BMJ) targeted pathways and their implications in Metabolic Syndrome (MetS). The metabolic effect of BMJ in diet-induced obese (DIO)
C57BL/6J mice were determined by transcriptomics (n ¼ 4 per group) and metabolomic analyses (n ¼ 3 per group). Transcripts and metabolites differentially expressed in the liver
and plasma lipid-phase of BMJ þ DIO mice identified several common metabolic mechanisms. In the liver transcriptome and plasma metabolites, BMJ induced expression of genes
and modulated levels of metabolites involved in adaptive immunity, steroid (Vitamin D), and glycerophospholipid metabolism. In addition to these pathways, peroxisome
proliferator-activated receptor (PPAR), circadian rhythmic, and adipocytokine signaling which are associated with metabolic syndrome (MetS) and associated conditions (shown on
the right above) are also modulated by bitter melon. Based on in vitro and in vivo models in the literature, it could be inferred that BMJ may exerts its anti-diabetic, anti-MetS and
anti-inflammatory activity and other beneficial health effects via the activation of PPARg and AMPK signaling.
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