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Abstract

Purpose Hypertriglyceridemia (HG) is an independent risk factor with more prevalence than hypercholesterolemia and its
attributes to cardiovascular disease (CVD) and pancreatitis. Hence, it becomes imperative to search for new triglyceride (TG)
lowering agents. Tinospora cordifolia (TC) is a well-known Ayurvedic drug and a rich source of protoberberine alkaloids hence
can contribute to TG lowering without side effects. Hence, to explore the therapeutic efficacy of T. cordifolia and its effects on
biochemistry and metabolome in the patients of hyper-triglyceridemia, clinical trials were conducted.

Methods Patients (n=24) with hypertriglyceridemia were randomized into two groups to receive T. cordifolia extract (TCE)
(3.0 g/per day) and metformin (850 mg/day) for 14 days having >300 mg/dl triglyceride level and cholesterol in the range of 130—
230 mg/dl. Lipid profiles of blood samples were analyzed. Urine samples were subjected to HPLC-QTOF-MS to quantify
oxidative damage and abnormal metabolic regulation.

Results Intervention with TCE reduced the triglyceride, LDL, and VLDL levels to 380.45+17.44, 133.25+3.18, and 31.85 +
5.88 mg/dL and increased the HDL to 47.50 +9.05 mg/dL significantly (p < 0.05) in the HG patients after 14 days treatment.
TCE dosage potently suppressed the inflammatory and oxidative stress marker’s i.e. levels of isoprostanes significantly (p <
0.01). Qualitative metabolomics approach i.e. PCA and PLS-DA showed significant alterations (p < 0.05) in the levels of 40
metabolites in the urine samples from different groups.

Conclusion TCE administration depleted the levels of markers of HG i.e. VLDL, TG, and LDL significantly. Metabolomics
studies established that the anti-HG activity of TCE was due to its antioxidative potential and modulation of the biopterin,
butanoate, amino acid, and vitamin metabolism.

Clinical trials registry India (CTRI) registration no. CTRI- 2016-08-007187.

Keywords Tinospora cordifolia - Hyperlipidemia - Hyper-triglyceridemia - Metabolomics - HPLC-QTOF-MS

Introduction

Tinospora cordifolia (Wild.) Miers ex Hook. f. & Thoms., a
climber shrub of Menispermaceae family is being widely used
as a drug in Ayurveda, a 5000-year-old traditional medicinal
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system of India [1]. Ayurveda describes T. cordifolia as a
Rasayana drug that means blood purifier or which alleviates
myriads of clinical manifestations. The plant has various cu-
rative properties including against skin disease, urinary dys-
regulation, inflammation, anemia, diabetes, jaundice, allergic
responses, rtheumatism, antioxidant, heart disease, leprosy,
etc. [2—4]. This pharmacokinetic potential of T. cordifolia is
due to its diverse chemical constituents such as alkaloids,
sesquiterpenoids, diterpenoid, steroids, phenolic, glycan, fla-
vonoids, tannins, coumarins, and xanthones, hence also
known as ‘Amrita’ in ancient literature [5-8]. T. cordifolia is
reported to enhance the production of inflammatory cytokines
such as IL-1 3, IL-6, TNF-« to reduce the metastatic progres-
sion of B16-F10 melanoma [1]. It also restores the antioxidant
pool to attenuate asthma, insulin resistance, obesity, hyperlip-
idemia, etc. to sustain the life potency of an individual [9-11].
Furthermore, the non-toxic nature of TC in acute toxicity has
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also been reported [1]. This indigenous agent suppresses the
hepatotoxicity, normalizes the AST, ALT, SOD, GPx, cata-
lase level to inhibit the formation of the necrotic lesion [12]. A
recent study reported that TC extract declined the dopamine
and H,0, clearance in Parkinson’s disease [13]. Moreover,
the plant and its polyherbal formulation didn’t exhibit any
moderate and acute toxicity in the individuals [14].

Hypertriglyceridemia (HG) is a metabolic syndrome charac-
terized by abnormal plasma triglycerides level reflecting the
dysregulation of lipid metabolism and other metabolic compli-
cations such as pancreatitis, CVD, resistance to insulin, pro-
inflammatory, etc. Progressive HG strongly condemns the ath-
erogenic factor with an increased risk of mortality and morbid-
ity. Therefore the management of elevated VLDL and sup-
pressed HDL is still controversial in HG individuals [15, 16].
The disease is most prevalent in developing countries due to the
change in lifestyle in the last decades [17]. Existing treatments
for HG are less robust and difficult to treat the onset of prelim-
inary complications. Therapeutic intervention by fibrates
(metformin) and omega-3 fatty acids containing fish oils was
found to reduce both fasting and postprandial serum triglycer-
ide concentrations significantly while other drugs seemed to be
less effective against HG [18]. Therefore, our prime objective
was to assess the potential of T. cordifolia extract to improve the
lipid quality in a randomized controlled clinical trial of patients
with hypertriglyceridemia. Furthermore, the metabolomics
studies were conducted to explore its mechanism of action
and to ensure the safety and efficacy of TC extract.

Materials and methods
Chemicals

Solvents used for LC-MS such as acetonitrile, methanol,
formic acid, and pantothenic acid, amino acids, acyl carnitine
standards were purchased from Sigma (St. Louis, MO, USA).
Internal and external calibrants, ESI tuning solution were pur-
chased from Agilent Technologies. Diamet-metformin tablets
(850 mg) were purchased from the local market (Bal Pharma
Limited, India). Standards of isoprostanes (IsoPs) were pur-
chased from Cayman Chemicals.

Preparation of extract

T. cordifolia was grown as a cultivar in the botanical garden of
NRIBAS, Kothrud, Pune, India, identified and collected. The
voucher specimen (N0.207) was deposited in the Institutional
herbarium. The stems were washed with distilled water properly,
ground to paste, and extracted overnight with water (1:5 w/v) at
room temperature in aseptic conditions. The extract was filtered
through charcoal, cotton, and finally centrifuged at 5000 rpm.
Charcoal filtration improves the concentration of some active
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metabolites in the TCE extracts i.e. magnoflorine, palmitate etc.
due to adsorption of some unwanted compounds (Figure S1 A-
D). The fresh extract was given to the volunteers to avoid the
degradation of phytoconstituents under the guidance of an
Ayurvedic physician. Extracts were subjected to LC-MS analysis
for quality control purposes as discussed previously [19].

Ethics statement

The randomized trial was approved by the Human Ethics
Committee of the PDDYP Ayurveda College, Pune, India
with letter No. RRI/2011/HEC/2023 dated 18-02-2011.
While doing actual experimentation no deviations were made
from the approved study protocol. This clinical trial was reg-
istered with the Clinical Trials Registry — India (CTRI) wide
registration No. CTRI- 2016-08-007187.

Study protocol

A phase of the randomized trial was conducted with patients
having triglyceride >300 mg/dL and cholesterol in the range
of 130-230 mg/dL. Healthy males served as a control group
(n=10) and HG (n=24) patients who completed the above
criteria were selected for the present study from the local areas
of Pune, Maharashtra, India. The NRIBAS, Pune was the only
place for sample collection. The sample size was calculated
using Gpower analysis 3.1. The initial study was conducted in
small scale blocks randomized using the Container method for
patients and the control group to achieve an equal number of
allocation ratios and to reduce the variability among the treat-
ment. An Ayurvedic physician assigned random allocation
using numbered containers and concealed the sequence until
intervention was dispensed. The present trial had 14 days of
treatment period followed by 1 week of post and pre-treatment
observation. The clinical status of individual patients was
assessed at baseline and followed for all. By contrast, patients
having mass index >30 kg/m?, blood pressure > 160/90 mmHg
with the present or prior history of cardiovascular diseases, dia-
betes mellitus, respiratory, gastrointestinal, hepatic, renal, endo-
crine, or reproductive disorders or use of anti-hypertensive
agents were excluded from the study. Exceptionally, HG pa-
tients (n = 16) who were unable to maintain the regime of taking
drugs regularly were also excluded from the study. Patients
received a daily dose of 100 ml (~3.0 g solid extracts) TCE
extract and 850 mg Diamet-metformin before breakfast orally.
No adjustments to the dose were made during the study. On day
0 and 14th, 12 h fasting blood and first-pass urine samples were
collected in the morning. Urine samples were collected in tubes
that had sodium azide (2.5 mM), centrifuged, filtered (0.2 um
filters), and were stored at —80 °C till further analysis. Plasma
fractions were separated from collected blood samples and sub-
jected to blood biochemical auto-analyzer (Sinnowa, China) and
blood cell counter (Erma, China). In this study, we also gave
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TCE treatment to a healthy group for 14 days (HT) to study any
changes in metabolism and biochemical level (Fig. 1). The pri-
mary outcomes were characterized through changes in basal
lipid profiling of patients, including HDL, VLDL, LDL, TG,
etc. Baseline lipid profiling was measured after and before the
administration of the first dose of study TCE. The secondary
outcomes were measured to study the change in elevated oxida-
tive stress and comparing the urinary metabolite profiles of con-
trol and treated groups.

Quantitative analysis of isoprostanes to assess the
oxidative burden

The urine samples were also analyzed in selective ion moni-
toring mode to study molecular ions of six isoprostanes

(IsoPs) along with one deuterated isoprostane to maintain
quality control (Table 2). HPLC-QTOF-MS conditions for
IsoPs analysis were similar to qualitative metabolomics
studies except for collision energy. Collision energies for
each IsoPs were kept as per suggested earlier [20]. The
IsoPs quantification was done by spiking samples with
standard IsoPs (from 0.01 to 50 pg/ml). Each IsoPs stan-
dard and urine samples were quantified by Agilent
MassHunter Quantitative Analysis software (version
B.04.00) from the area ratio of the peaks. Concentrations
of IsoPs in urine samples were analyzed using a standard
curve with the highest correlation coefficient (R? > 0.95).
The limit of detection (LOD/ qualifier) and limit of quan-
titation (LOQ/quantifier) values were calculated based on
the reported formulae, LOD =2 N/m, where N is the noise
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Fig. 1 A CONSORT flow diagram of study design, sample collection, data processing, and data analysis in different study groups
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value in the signal-to-noise ratio (SNR), m is the slope in
peak height v/s concentration plot; LOQ =5 x LOD.

Qualitative metabolomics studies

Urine samples were diluted with acetonitrile: water (80:20 v/
v) in a 1:4 ratio, centrifuged at 8000 rpm for 5 min at 15 °C.
Samples (20 pl) were injected into the HPLC (Agilent 1290
Infinity Series) fitted with ZORBAX 300SB C-18 (4.6 x

150 mm, 5.0 um particle size) and interfaced to Agilent
6538 Accurate-Mass Q-TOF-MS to resolve urine samples.
The mobile phase had (A) 0.1% formic acid in water and
(B) 0.1% formic acid in acetonitrile: water (80:20). Initially,
mobile phase A was 5% in the isocratic mode for the first
5 min and then increased to 95% in a linear gradient mode
up to 40 min. It decreased back to 5% up to 45 min and
remained constant for the next 5 min. The flow rate of the
mobile phase was 0.3 ml/min. Parameters of Q-TOFMS were
optimized for the positive ion polarity mode. It was extended
to dynamic mode (1700 m/z, 2GHz) with fragmentor voltage
195 V, ramped collision energy, and 3 spectra s ' acquisition
rate. Continuous internal calibration was maintained during
the data collection. MassHunter Qualitative Analysis
(B.04.00, Agilent Technologies) software was used for pre-
liminary analysis of raw MS/MS data. Signal to noise ratio
was calculated automatically from the initial and last points of
spectra and deducted from the spectra. Molecular features
having >5000 cycles per second (cps), minimum absolute
counts 10, relative height (5%) of largest peak, peak space
tolerance, i.e. 0.0025 m/z, and 5.0 ppm were extracted from
mass spectra to avoid false molecular features.

Statistical analysis

For the present clinical trial, baseline data were represented as
mean £ SD using GraphPad Prism 7 to assess the effect of pre
and post-treatment of TCE and metformin in HG patients. The
sample size and power analysis were calculated using Gpower
software version 3.1. Sample size (n = 10) per group, signifi-
cance level (oc > 0.05), a standardized difference (d = 0.5), and
80% statistical power was used in the study. For the analysis
of mass data, raw data were imported in the Mass Profiler
Professional software (B.12.02, Agilent Technologies) and
the molecular features having mass error < 5.0 ppm and reten-
tion time (RT) variation <0.2 min were aligned. Compounds
present in less than 75% of samples of a group and having p >
0.05, fold change >2.0, and CV < 15 were removed from data
sets and subjected to principal component analysis (PCA).
Partial least-squares-discriminant analysis (PLS-DA) was per-
formed to distinguish different groups and explore unique
features present across the groups. Also, interlinking between
the metabolic pathways was analyzed through Cytoscape
3.8.0.
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Results
Characterization of TCE

An optimized solvent system, HPLC-QTOF-MS parameters,
and major metabolites present in water extract of T. cordifolia
have already been described in previous studies [5, 21]. The
total ion chromatogram of TCE showed the highest abun-
dance of magnoflorine and palmatine along with other minor
compounds i.e. columbin, tinocordifoliside A, sulfocysteine,
and abscisic acid. PLS-DA analysis of mass data of randomly
selected TCE samples showed only 4 different molecular fea-
tures out of 2617 molecular features present across the sam-
ples. It was an insignificant difference and 99.7 samples were
similar in composition. Multivariate analysis showed 0.987 +
0.021% (mean + SD) confidence in the data.

Clinical biochemistry

The baseline characteristic such as BMI, age, TG, VLDL,
LDL, HDL, AST, ALT showed significant differences among
the treatment groups (Table 1). Metformin treatments to HG
patients suppressed glucose production (hepatic gluconeogen-
esis) and altered the levels of alanine transaminase/ aspartate
transaminase (ALT/AST) as compared to non-treated HG.
ALT activity was found to be elevated in HG (36.05 +
6.37 U/L) group as compared to healthy (21.46+2.22 U/L)
and it decreased in TCE treated HG patients (24.95+4.01 U/
L). However, metformin treatment had significantly increased
ALT activity (38.12+5.43 U/L) in the HGM group (p <
0.001). AST activity was found low in HG patients (23.45 +
4.21 TU/L) compared to the healthy group (31.10+3.62 TU/L)
while treatment with TCE and metformin to HG patients
(HGT and HGM) decreased the AST activity to 20.55+6.33
and 22.13+6.23 TU/L (p <0.05) respectively. This decrease
in the activity of AST was also observed in the healthy group
as well in TCE treated healthy group (HT; 18.96 +7.50 TU/L)
as compared to the non-treated control group (H; 31.10 +
3.62 IU/L). In the HG group, the TG level was recorded about
550.00 + 18.58 mg/dl while on the TCE- and metformin-
treated group (HGT and HGM) the level of TG was depleted
to 380.45+17.44, and 433.00 +13.56 mg/dl respectively.
Likewise, levels of LDL were decreased to 133.25+3.18
and 129.12 +13.59 mg/dL in HGT and HGM groups as com-
pared to the non-treated HG group (157.91 £11.10 mg/dl).
The level of HDL was found to be lower (35.50 + 6.50 mg/
dl) in the HG group as compared to H (45.10 £2.52 mg/dl)
and this level increased in HGT and HGM groups i.e. 47.50 =
9.05 and 42.50+3.50 mg/dl. Like LDL, levels of uric acid
were also found significantly very high in the HG group
(7.10 £0.98 mg/dl) which reduced significantly to 5.15+
0.90 mg/dl after treatment with TCE. However, no such sig-
nificant decrease in uric acid level (6.10+0.77 mg/dl) was



J Diabetes Metab Disord (2020) 19:1367-1379 1371
Table 1 The blood biochemistry, lipid profiles and hematocrit of all the groups employed in the study are expressed as mean + SD(p < 0.05)
S.no.  Parameters Healthy (H) Hypertriglyceridemia (HG)
(Day 0) TCE-treated HG (Day 0) TCE-treated Metformin- Metformin-
plasma (Day 14) HG (Day 14) treated treated
HG (Day 0) HG (Day 14)
1. Age (years) 39.2+24 39.2+24 394+1.6 393+1.4 39.2+2.0 39.2+2.0
2. BMI 22.1+-22 223+£-1.6 25.05+1.65 24.56+2.87 25.25+2.6 24.8+22
3. TG (mg/dl) 98.36 £3.01 85.20+4.30 550.00+18.58 380.45+17.44 552.00+17.28 433.00+13.56
4. TC (mg/dl) 155.13+4.43 140.20+4.52 167.26 +6.06 160.55+3.36 170.01 +£5.05 169.70+5.32
5. HDL (mg/dl) 45.10+£2.52 48.66+5.82 35.50+6.50 47.50+9.05 33.23+8.09 42.50+3.50
6. LDL (mg/dl) 108.50£6.11 99.73+3.16 15791+11.10 13325+3.18 155.39+£23.09 129.12+13.59
7. VLDL (mg/dl) 18.26 +3.65 14.65+2.89 69.56+5.66 31.85+5.88 42.0+£2.43 25.081+6.89
8. Urea (mg/dl) 17.56 +8.90 16.10+4.00 30.26+1.76 27.60+5.93 26.20+5.76 24.15+222
9. Creatinine (mg/dl) 0.89+0.66 0.83+0.40 1.35+0.43 0.95+0.07 0.92+3.33 0.88+0.39
10. Total Protein (g/dl) 5.6+0.36 6.3+0.36 5.35+047 5.0+0.56 5.23+£0.71 5.05+0.55
11. Albumin (g/dl) 4.06+£0.40 3.30+2.04 520+0.17 3.90+1.27 3.98+2.02 3.20+0.43
12. ALT (UL) 21.46+£2.22 21.06 +6.50 36.05+£6.37 24.95+4.01 39.10+6.34 38.12+543
13. AST (IU/L) 31.10+3.62 18.96 +7.50 23.45+421 20.55+6.33 22.67+6.01 22.13+6.23
14. Uric acid (mg/dl) 4.93+091 4.16+0.65 7.10+£0.98 5.15+0.90 5.51+0.41 6.10+0.77
15. Glucose (mg/dl) 97.06+7.06 85.16 +6.55 105.95+8.55 102.05+7.83 95.23+643 89.56 +6.22
16. Hemoglobin % (g/dl)  13.63 +1.60 14.90+1.72 12.65+1.34 14.25+0.63 10.34+1.05 11.02+1.03
17. RBCs (x 10°%) 4.79+0.37 523+0.12 4.66+0.67 5.06+0.07 4.02+0.80 4.73+0.78
18. WBCs (x 10%) 7.35+1.01 6.48+1.22 7.95+0.35 735+1.76 8.98 +0.40 8.13+0.54
19. Platelets (x 10*) 296.40+12.36  313.60+8.27 276.50+9.45 342.50+4.74 275.87+56 280.50+8.66

BMI Body Mass Index, TG Triglycerides, TC Total Cholesterol, HDL High Density Lipoprotein, LDL Low Density Lipoprotein, VLDL Very Low
Density Lipoprotein, AST Aspartate transaminase, ALT Alanine transaminase, RBCs Red Blood Cells, WBCs White Blood Cells

observed in the metformin-treated group (HGM). Metformin-
treatment in the HG group reduced the levels of urea (24.15 +
2.22 mg/dl), creatinine (0.88 +0.39 mg/dl), albumin (3.20 +
0.43 g/dl), and glucose (89.56 +6.22 mg/dl) as compared to
non- treated HG group. TCE treatment also reduced glucose
levels (102.05 = 7.83 mg/dl) but enhanced the Hb% (14.25 +
0.63), number of RBCs and platelets in both HGT as well in
HT groups. Overall clinical data illustrated that metformin
was noticed to better in glucose reduction, but have negative
effects on Hb% (11.02 +1.03) in the HGM group. However,
TCE was found more effective as compared to metformin in
controlling HG by downregulating the level of TG (380.45 +
17.44 mg/dl), TCE (160.55 +3.36 mg/dl), and LDL (133.25
+3.18 mg/dl) in the HGT group.

Oxidative burden measurement

IsoPs levels in the urine samples from all groups were ana-
lyzed using a selective ion monitoring method with
predetermined LCMS parameters including fixed collision en-
ergy (eV) in both positive and negative modes of ion polari-
ties. The average LOD and LOQ for all the IsoPs were ob-
served 0.175 pg/ml and 0.8774 ng/ml, respectively, with

>0.90 correlation coefficient (R?) under both ionic modes
(Table 2). In the present study it was observed that the levels
of most of the IsoPs were increased (about 1.5-3.0 fold, p <
0.001) in the HG patients compared to control and it reached
normal or below normal upon treatment with TCE in the HGT
group (Table 3).

Multivariate analysis of urinary metabolome

Analysis of total ion chromatograms showed an average of
273 peaks containing around 1567 compounds/spectrum.
The analysis method was optimized and the results were re-
producible with minimum variations across the samples. The
extracted base peak chromatograms of 4 study groups are
shown in (Fig. 2). Variability in the higher peaks was normal-
ized successfully using internal standards and Z-transforms.
The overall percent variance was represented as a box-whisker
plot showing altered metabolites across all the 4 groups, i.e. H,
HG, HGM, and HGT. The box-and-whisker (Fig. 3a) and
PCA score (Fig. 3b) plots didn’t show drift during the
HPLC-QTOF-MS data analysis. Supervised PCA of H, HG,
HGT, and HGM groups showed 27.65%, 10.93%, variability
along the X and Y-axis. Reproducible and stable molecular
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Table 2

Table is showing precursor ion, the transition of the parent ion, retention time (RT), calibration range, R, collision energy, LOD and LOQ for
the isoprostanes analyzed in both positive and negative mode of ion polarity

S.  Name Precursor Ion Transition RT Calibration range R? CE LOD LOQ
no. [M+H]"/ [M-H] (min)  (ug/ml) V) (ug/ml) (ug/ml)
1 8-iso PGA, 335.5 33551 —112.98 9.64  0.01-50.00 09742 28 0256 1.281
2 Prostaglandin Foo 3534 35348 —193.26 11.92 0.01-50.00 0.9979 30  0.007 0.039
3 11-epi-Prostaglandin F2« 355.5 355.50 —314.97 26.13 0.01-50.00 09113 30  0.015 0.078
4  Prostaglandin Flx 357.5 357.51 —105.03 23.52 0.01-50.00 0.9997 30  0.072 0.360
5  PGFyy—dy4 357.5 357.52—112.98 2841 0.01-50.00 0.9065 30  0.700 3.502
6  8-iso-16-cyclohexyl-tetranor-PGE, 377.5 377.50 —190.94 28.10 0.01-50.00 0.9972 32 0.00095 0.0047

PGA,, Prostaglandin A1, PGF,, —d 4 Prostaglandin F2«-d4(Dinoprost-d4), PGE?2 Prostaglandin E,

features were subsequently used for statistical analysis. The
well-established PLS-DA and support vector machines
(SVMs) models demonstrated satisfactory modeling for LC-
MS (R?=0.97, and Q* = 0.86). The results of the sample clas-
sification presented in terms of discrimination and recognition
abilities were found to be 93.34% and 97.33% accurate,
representing the percentage of the samples correctly classified
during model training and cross-validation. Data were further
subjected to Bonferroni FWER multiple testing correction to
decrease the false discovery rate. The R* and Q? values of the
original SVMs and PLS-DA models were higher than the
randomly classified permutation distribution; this shows that
both the original models were valid.

Differentially expressed metabolites in different
groups

Further correction of the data obtained from PLS-DA with
Bonferroni FWER multiple testing corrections to omit false
values and less significant metabolites showed 105 differen-
tially expressed metabolites. Data were further filtered and
metabolites with any missing values (n=72) were filtered
out. Finally, 40 differentially expressed metabolites present
in all groups were obtained and identified using Metlin

(accurate ms/ms) library (metabolite.cdb) having 19,608 hu-
man metabolites and standards (Table 4). A Pearson co-
relation heat map of these selected metabolites was also gen-
erated to understand the level of relatedness between these
metabolites across 4 study groups (Fig. 4). The correlation
map also showed that the HG group was the most discrete
while the treated groups, i.e. HGM and HGT were near to
the healthy group indicate the regulatory effect of TCE and
metformin on HG. Moreover, TCE treatment was found more
effective than metformin, and as a result, the HGT group ap-
peared closer to the healthy group as compared to the HGM
group. Pantothenic acid is an important variable of hyper-
triglyceridemia and it was found upregulated in HG (3.88
fold) group while reverted significantly in HGM (1.17 fold)
and HGT (2.42 fold) groups. Hexanoylcarnitine was observed
to be increased significantly by 3.96 fold in the HG group,
which decreased to —1.43 and — 1.16 fold in HGT and HGM
groups respectively. Other carnitine derivatives like
tiglylcarnitine and glutarylcarnitine were found to be in-
creased by more than four folds in HG patients (Table 4).
All these above-mentioned carnitine derivatives were found
to be significantly down-regulated in HGT and HGM groups.
D-Lactose, a primary disaccharide in the human diet, was
found to be depleted in HG (—1.52 fold), HGM (—1.07 fold),

Table 3  Table with quantity of each of IsoPs analyzed under present study in both ion polarity modes and expressed in pg/ml with mean + SD
(p<0.01)
S. no. Name of IsoPs analyzed Urine lipid positive Urine lipid negative

H HG HGT H HG HGT
1 8-iPGA1 - - - 6.126+0.707 19.924+0.707 1.742+0.464
2 PGF2a - - - 0.092+.038 0.12940.045 0.09740.026
3 11-epi -PGF,4 5.549+.869 8.821+1.626 6.357+1.414 - - -
4 PGF; 4.262+2.875 5.563+1.414 4.084+1.414 - - -
5 PGF,,-dy - - - - - -
6 8-iso — 16-cyt-PGE, - - - 0.21940.07 0.719+0.063 0.036+0.014

8-iPGAI 8-iso Prostaglandin Al, PGF2« Prostaglandin F,«, 11-epi -PGF5,, 11-epi-Prostaglandin F2«, PGF;« Prostaglandin Flx, PGF,,-d,
Prostaglandin F2x-d4 (Dinoprost-d4), 8-iso — 16-cyt-PGE, 8-iso-16-cyclohexyl-tetranor- Prostaglandin E,
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Fig 2 Extracted +ESI base peak chromatograms (BPC) are showing percent abundance of peaks in the urine samples of healthy (H, dark black),
hypertriglyceridemic (HG, red), TCE-treated hypertriglyceridemic (HGT, green) and metformin-treated hypertriglyceridemic (HGM, blue) groups

and HGT (—1.70 fold) groups. Urinary glucaric acid was
found to be increased in HG by 2.21 fold as well as in the
HGT group by 1.49 fold, whereas, HGM group showed a
decrease in its level by 1.79 fold. Proteins are referred as
building blocks for numerous compounds and influence struc-
tural and signaling activities. Urinary levels of leucine and
isoleucine were increased in HG patients by 1.52 and 3.88

folds and decreased in both treated groups (Table 4).
Phenylalanine was found to be increased in the HG group
by 2.12 folds and depleted in HGM (1.04 fold) and HGT
(—1.61 fold) groups. N-Acetyl asparagine, L-aspartyl-L- phe-
nylalanine, and indole acetyl glutamine showed 2.07, 1.77,
and —3.55 fold changes in HG groups, respectively. 13°-
Carboxy-gamma-tocotrienol, an antioxidant, found slightly

[a]
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Fig.3 a The box-and-whisker plot showing distribution of metabolites in
healthy (H), hypertriglyceridemic (HG), and metformin treated (HGM),
and TCE treated (HGT) groups of hypertriglyceridemic patients. b PCA
plot of metabolic variables in samples where brown dots indicates healthy

(H) population, red squares indicates hypertriglyceridemic (HG) popula-
tion, grey squares indicates metformin treated hypertriglyceridemic
(HGM) population, and green circles indicates TCE treated
hypertriglyceridemic (HGT) population
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Table 4  Urinary metabolites without missing valuesextracted from PLS-DA data and according to their significance and variability

S. no. Compound mass RT Tentative identification p (Corr) FC HG FC HGM FC HGT
1. 315.23328 33.99 Decanoylcarnitine 0.011 —4.04 —2.16 3.03
2. 256.14423 3332 Nicotinate D-ribonucleoside 0.011 -3.82 —2.13 -1.59
3. 303.11615 18.62 Indoleacetyl glutamine 0.011 -3.55 -3.69 -3.59
4. 491.99985 33.22 Unknown 0.020 -3.03 -2.97 —2.28
5. 129.04219 19.16 N-Acryloylglycine 0.011 -2.72 1.83 2.05
6. 129.04288 17.45 Unknown 0.011 -2.72 1.13 1.05
7. 357.2402 32.85 14-HDoHE 0.011 -2.22 -3.98 —4.26
8. 342.08438 14.64 D-Lactose 0.011 -1.52 -1.07 -1.70
9. 303.16367 14.82 Unknown 0.011 -1.29 1.96 227
10. 228.10681 5.45 Deoxyuridine 0.011 -1.03 1.79 -1.25
11. 150.05238 8.90 Hydrocinnamic acid 0.020 1.02 1.29 -2.15
12. 241.98705 491 Metformin product 0.011 1.03 -1.79 1.25
13. 187.0607 15.72 2-Keto-6-acetamidocaproate 0.011 1.09 —3.54 -3.08
14. 243.14482 15.70 Tiglylcarnitine 0.011 1.24 -3.29 -3.15
15. 142.03287 4.85 5-Hydroxy methyluracil 0.020 1.50 1.79 1.17
16. 147.10214 12.71 Glutamate 0.020 1.50 1.79 -1.17
17. 131.09428 17.45 Leucine 0.011 1.52 -1.07 1.70
18. 224.10178 19.65 3-Hydroxy-DL-kynurenine 0.011 1.69 -2.61 —-1.25
19 440.30023 4723 13’-Carboxy-y-tocotrienol 0.011 1.73 —2.68 -3.85
20. 280.08563 15.15 L-Aspartyl-L-phenylalanine 0.011 1.77 3.98 —-1.00
21. 483.26508 32.82 Lithocholyltaurine 0.011 1.79 1.39 1.54
22. 357.2444 33.30 13,14-dihydro PGEI1 0.02 1.84 -3.39 -3.92
23. 303.28528 4527 Pimelylcarnitine 0.011 1.91 -2.27 -1.97
24. 174.06883 17.45 FN-Acetyl asparagine 0.011 2.07 322 2.89
25. 165.04526 7.98 Phenylalanine 0.011 2.12 1.04 —-1.61
26. 175.0612 20.54 Guanidinosuccinic acid 0.011 2.12 2.05 1.61
27. 204.1424 5.08 Tryptophan 0.011 221 2.74 2.09
28. 210.04611 14.01 Glucaric acid 0.011 221 1.79 1.49
29. 245.1568 16.73 2-Methyl butyroyl carnitine 0.011 2.59 -1.88 —-1.81
30. 129.05501 20.54 Pyrrolidone carboxylic acid 0.011 2.98 2.06 1.93
31. 129.04146 16.55 Pipecolic acid 0.015 3.03 1.98 1.03
32. 222.05516 41.05 L-Cystathionine 0.011 3.34 -2.16 —2.87
33. 275.17236 13.92 Glutarylcarnitine 0.020 3.59 -3.30 -1.18
34. 219.11171 10.72 Pantothenic acid 0.011 3.88 1.17 242
35. 131.09246 16.55 Isoleucine 0.03 3.88 -1.29 —1.68
36. 242.12325 17.48 Thymidine 0.011 3.93 -2.11 —1.68
37. 259.13837 7.74 Hexanoyl carnitine 0.011 3.96 —-1.16 -143
38. 125.08251 12.95 1-Methyl histamine 0.030 4.02 1.68 2.10
39. 261.15375 8.09 Gamma glutamylornithine 0.011 4.13 —-1.54 —-1.30
40. 315.15875 16.48 Tryptophylvaline 0.011 4.84 -3.16 -3.03

Metabolites were identified using various metabolomics databases in ESI+ mode (p <0.05). /4-HDoHE 14-hydroxydocosahexaenoate, PGE1

Prostaglandin E,

upregulated in HG (1.73 fold), whereas, more reduced levels
in HGT (—3.85 fold) than HGM (—2.68 fold) were observed.
Thymidine nucleotide levels were found to be increased in
HG (3.93) and decreased in HGM (-2.11 fold) and HGT
(—1.68 fold) groups. Increased levels of mitochondrial

@ Springer

dysfunction and DNA damage marker, i.e. 5-hydroxy
methyluracil (nucleotide lesion product), were noticed in HG
(1.50 fold), while HGM and HGT groups showed 1.79 and
1.17 folds regulation respectively. Inflammatory marker’s like
1-methyl histamine level was increased in HG (4.02 fold) but
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found depleted in HGM (1.68 fold) and HGT (2.10 fold) as
compared to the healthy group. Level of L- cystathionine, a
biomarker of increased oxidative stress, impaired methylation,
and the manifestation of vitamin-B6 deficiency, was found to
be elevated in HG (3.34 fold) and decreased in HGM (-2.16
fold) and HGT (—2.87 fold) groups, maybe because of
cystathionuria in HG. Deoxyuridine, a naturally occurring nu-
cleoside, was found to be reduced in HG (—1.03 fold) and HGT
(—1.25 fold) but upregulated in HGM (1.79 fold) groups.
Nicotinate D-ribonucleoside was found to be decreased in HG
(—3.82 fold) and the HGT (—3.59 fold) group along with a slight
increase in HGM (—2.13 fold) level. Guanidinosuccinic acid,
synthesized by oxidation of argininosuccinic acid by free radi-
cals, was found to be elevated in HG (2.12 fold), in HGT (1.61
fold) group but not in HGM (2.05 fold) (Table 4).
Pyrrolidone carboxylic acid was found to be elevated in the
HG, HGM, and HGT groups by 2.98, 2.06, and 1.93 folds
respectively. No significant alteration in the lithocholyltaurine
levels was observed in the treated groups and found to be
depleted in all the study groups. 2-Keto-6-acetamidocaproate,
an intermediate in lysine degradation, was also found to be
elevated considerably in HG (1.09 fold) as compared to HGM
(=3.54 fold) and HGT (-3.08 fold) groups. Levels of gamma
glutamylornithine were increased in HG by 4.13 folds and
decreased in HGM and HGT groups by —1.54 and — 1.30 fold.
3-Hydroxy-DL-kynurenine, a tryptophan metabolite, and free
radical generator showed increased levels in HG (1.69 fold)
and decreased levels in HGT (—1.25 fold) and HGM (—2.61
fold) groups as compared to healthy individuals (Table 4).

Pathway analysis

The total number of pathways affected in the HG group and
further altered upon drug-treatments was identified by analyz-
ing the level of altered metabolites using Cytoscape. Analysis
from Cytoscape showed that in the HG patient’s bile acid,
vitamin B5 - CoA biosynthesis, biopterin, butanoate, vitamin
B3, vitamin B9, histidine, lysine, methionine, cysteine, pyrim-
idine, tryptophan, tyrosine metabolisms, urea cycle, and me-
tabolism of arginine, proline, glutamate, aspartate, and aspara-
gine are the most affected metabolomics pathways. Along with
these metabolic pathways valine, leucine, and isoleucine deg-
radation were also found to be elevated significantly. Altered
metabolic pathways also altered biological processes and fur-
ther analysis with Cytoscapeplugin ClueGo showed signifi-
cantly altered pathways in HG and restored by TCE (Fig. 5).

Discussion

T. cordifolia is being used as an immunomodulatory drug and
to treat various disease conditions including metabolic disor-
ders in the traditional medicinal systems across the world [3].

In the present study, clinical trials were conducted employing
standard protocols to evaluate the efficacy and mechanism of
TCE in HG patients (Fig. 1). Being a metabolic disorder, HG
leads to several interrelated disorders like cardiovascular dis-
eases and diabetes mellitus acute pancreatitis, etc. [15, 16].
This progressive disease starts from disturbed basal parame-
ters and inflammation. The present study revealed that the
TCE intervention reduced the TG, LDL, and VLDL levels
significantly in the HG patients and normalized the levels near
to control group (Table 1). TCE intervention also significantly
improved the plasma HDL content, decreased abnormal lipid
biomes, and subsequently altered the associated parameters
such as creatinine, AST, ALT, uric acid, etc., in TCE treated
group.

Arginine plays an important role in the urea cycle and in the
removal of oxidative stress. Oxidative stress converts arginine
into guanidinosuccinic acid due to the uncoupling of eNOS by
free oxygen radicals [22]. Hence, increased levels of
guanidinosuccinic acid and cystathione in HG patients con-
firmed the increased oxidative stress (Table 4). Arginine de-
pletion and homocysteine accumulation have been reported to
lead liver cirrhosis [23]. Elevated eNOS in HG individuals
signified the abnormal regulation of biopterin metabolism,
which adversely affected the urea cycle. Super-oxides re-
leased by eNOS contribute to atherogenesis [24, 25]. This is
due to the depletion of tetrahydrobiopterin (BH4) [26] that
point was confirmed by the decreased levels of BH4 and ele-
vated levels of guanidinosuccinic acid in HG patients
(Table 4, Figs. 4, 5). While altered urea cycle causes the re-
lease of more butanoate or dicarboxylic acids due to decrease
fatty acid oxidation [27]. Observed folate deficiency in HG
patients can also be correlated with increased urinary cystathi-
onine ascribed to dysregulation of sulfur-containing amino
acid metabolism [28]. This fact was confirmed through an
elevated level of cystathionine in HG patients in the present
study also (Table 4). Besides, oxidative stress produces the
cyclooxygenase derived prostaglandin F,-like compounds
commonly called isoprostanes [29-31]. Urinary metabolome
showed that isoprostanes i.e. PGF2«, 11-epi-PGF2«, PGF1«,
PGA1 and 8-iso —16-cyt-PGE2 were significantly up-
regulated in HG individuals. While TCE intervention signifi-
cantly suppressed the isoprostanes levels (Table 3).

Outcomes from biochemistry and hematology were further
confirmed by urine metabolome analysis. Box-whisker and
PCA plot signifies the variability among the groups and
showed the shift of TCE treated HG group near to healthy
group (Fig. 3a, b). Further, the clear shift of TCE treated HG
group toward healthy control was also observed on the
Pearson heat map constructed from 40 significantly altered
metabolites. The correlation map depicted the HG group as
the most discrete group and metformin or TCE treated groups
were near to the healthy group. Moreover, TCE treatment was
more effective than metformin, and as a result HGT group was
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Fig. 4 Pearson heat map alignment denoting fold changes of 40 listed
metabolites across healthy (H), hypertriglyceridemic (HG), metformin-
treated HG (HGM) and TCE-treated HG (HGT) groups. The columns
correspond to different individual groups and rows correspond to the

closer enough towards the healthy suspects than HGM treated
individuals (Fig. 4). Increased excretion of branched-chain ami-
no acids (BCAA), tryptophan, phenylalanine, lysine, and glu-
tamine metabolism were noticed in HG patients (Table 4). Itis a
good fact that increased levels of BCAA are linked not only to
insulin resistance in skeletal muscle but also to the pathophys-
iological conditions of the heart [32, 33]. By contrast, disturbed
branched-chain amino acids (BCAA) metabolism leads to ke-
tosis in diabetes mellitus [34]. Therefore, increased levels of
urinary BCAAs have been reported in hyper-triglyceridemia
independent of fasting blood glucose levels. Hence, BCAAs
play an important role in hyper-triglyceridemia. Another impor-
tant observation of the present investigation strongly supports
the association between amino acids and HG but could not
detect a relationship between glucose and HG, as glucose level
remained normal. Therefore, the study supports the earlier find-
ings [35, 36] that HG does not appear to be directly related to
insulin sensitivity in this study.
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altered metabolites. Correlation map is showing HG group as most dis-
crete group and metformin /TCE treated groups were near to healthy
group. Moreover, TCE treatment is more effective than metformin and
as a result HGT group is closer to the H group than HGM group

Likewise, the correlation of BCAA and aromatic amino
acid metabolism with obesity (an intermediate stage of HG)
is well established, but their role in HG is needed to be ex-
plored further [37]. TCE intervention reduced the excretion of
BCAA to a great extent. Low levels of BCAA have been
reported to decrease fatty acid synthesis and increase 3—
oxidation [38, 39]. TCE intervention also upregulated the in-
termediate markers of PPAR« and PPARy activation i.e.
decanoylcarnitine, glutarylcarnitine, tiglylcarnitine and
acylcarnitines (Table 4). Carnitines help in transportation of
the activated form of fatty acid into the mitochondrion for its
further metabolism via (3-oxidation to generate energy [40].
Activation of PPARy, AMPK, and increased translocation of
GLUT-1 by one of the Tinospora species has been reported
previously by Noipha et al. [41].

Similarly, increased excretory levels of pantothenic acid
and pyridoxal 5'-phosphate (B6) in the HG patients indicated
blocked fatty acid activations i.e. conversion of fatty acids into
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Fig. 5 Major biological processes found to be affected in HG pateints and modulated after treatment with metformin and TCE

fatty acyl-CoA [42]. These findings were supported through
an increased urinary level of N- acryloyl glycine in HG pa-
tients, a biomarker of disorders associated with mitochondrial
fatty acid beta-oxidation. Reduced levels of pantothenate and
pyridoxine in serum also slow down the conversion of pyru-
vate to acetyl-CoA, resulting in the accumulation of pyruvate
and poor formation of citric acid and TCA cycle intermedi-
ates. Hence, higher levels of serum triglycerides and urinary
carnitines, pantothenic acid, vitamin By, and acryloyl glycine
in HG patients support the possibility of a mitochondrial dis-
order and liver dysfunction. Therefore, TC administration re-
stored the normal levels of these metabolites and reduced their
excretion further. This is under a previous study where TCE
was observed to increase the retaining power of the liver [5].

Metabolic pathways analysis with ClueGo plugins of
Cytoscape 3.6.0 showed 14 metabolic pathways were affected
significantly (p < 0.05) in HG patients and restored to normal
by TCE (Fig. 5). These pathways can also be categorized as
lipids, amino acids, vitamins, nucleosides related to metabolic
pathways. Bile acids synthesis was found to be affected by
HG patients. Increased excretion of lithocholyltaurine was
observed in HG patients and it was reduced by metformin
and more effectively by TCE. Existed literature showed that
inhibition of PPAR« in HG patients increased bile acid syn-
thesis and their conjugation [42, 43]. Although the present
study has some drawbacks due to the low number of partici-
pants which might be the source of some inadequate statistical
conflicts. T. cordifolia intervention needs to be addressed
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more comprehensively which will be helpful in the promotion
of existed reports towards the usage of herbal
supplementation.

Overall, data present showed that TCE supplementa-
tion maintained the primary parameters in HG patients
such as lipid profiles, liver function enzymes, urea cycle,
and creatinine levels. TCE retained primary parameters
through modulation of various key metabolic pathways
and signaling. Primarily, the metabolomics profiles indi-
cated the activation of PPAR« and PPARYy to control
mitochondria and fatty acid metabolism that was evident
by increased levels of carnitines and decreased levels of
BCAA and bile acids. Notably, TCE also alleviated the
oxidative burden by suppressing the isoprostanes, cysta-
thionine, and guanidinosuccinic acid formation and ele-
vating the levels of BH4 and vitamin BS5 and B6
(Fig. 6). These findings were endorsed by PLS-DA of
metabolomics data. PLS-DA identified forty endogenic
excreted compounds as markers of hypertriglyceridemia
and most of them are different from hyperlipidemia.
Also, the study supports the previous finding that
branched-chain amino acid elevation in HG is indepen-
dent of fasting blood glucose levels. The study provided
strong evidence that TCE intervention was an effective
way to treat hypertriglyceridemia and worked through
the modulation of various metabolic pathways, oxidative
stress, and inflammation.
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