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a b s t r a c t 

Objective: Sepsis, a systemic response to infection, often leads to end-organ dysfunction. Despite its high 

rates of mortality and morbidity, its pathophysiology is still poorly understood. Coptidis Rhizoma and its 

main active alkaloid compound, berberine, have been as anti-bacterial and anti-inflammatory drugs used 

in clinic. The objective of this study was to gain more insights towards understanding the sepsis associ- 

ated with drug absorption and disposition and treatments of berberine and Coptidis Rhizoma dynamically. 

Methods: Pharmacokinetic and metabolomic studies of Coptidis Rhizoma and its main active component 

berberine have been performed. 

Results: Cecal ligation and puncture (CLP) induced sepsis showed marked changes of metabolites con- 

cerning energy metabolism and amino acids metabolisms, which could be reversed towards the normal 

state by Coptidis Rhizoma and berberine. 

Conclusion: Berberine exhibited an equivalent and even better therapeutic effect than Coptidis Rhizoma. 

© 2018 Tianjin Press of Chinese Herbal Medicines. Published by Elsevier B.V. All rights reserved. 
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1. Introduction 

Sepsis, a systemic host response to infection, is characterized

by a complex deregulation of inflammation resulting in multiple

organ failure with high incidence and mortality ( Wei et al., 2015 ).

Despite rapid progress in medical care, sepsis treatment has been

poorly progressed. Therefore, it is important to develop novel anti-

sepsis drugs. 

The CLP (cecal ligation and puncture) model is considered to be

the gold standard in sepsis models ( Rittirsch, Huber-Lang, Flierl, &

Ward, 2009 ). CLP surgery, characterized by cecum ligation, dam-

ages the intestinal barrier, allowing bacterial translocation which

ultimately leads to sepsis. The pathophysiological progress and

comparable cytokine kinetics and magnitude after CLP surgery re-

sembles with clinical sepsis. 

Coptidis Rhizoma (Huanglian in Chinese, HL), a traditional herbal

medicine, has been widely used for more than 20 0 0 years. Nu-

merous studies have shown that HL and its main active ingre-

dients, coptis alkaloids have revealed therapeutic effects of anti-

inflammatory and anti-oxidative ( Meng et al., 2018; Tsai et al.,
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016; Wu et al . , 2018 ). As the major alkaloids of HL, berberine

as been antibiotics and anti-inflammatory drug widely used in

linic. Modern biomedical studies on the pharmacological actions

f berberine also demonstrated that berberine could attenuate the

issue injury and improve the survival rate in sepsis rats ( Niu et al.,

011; Parisa & Hassan, 2018 ). 

Pharmacokinetics (PK) is a study of the time course of ab-

orption, distribution, metabolism and excretion (ADME) of a drug

nd how these processes vary between individuals. ( Emilia, Paweł,

ałgorzata, Roman, & Michał, 2017 ). In its general form, pharma-

okinetic studies of HL and its main active component berberine

ave been performed to gain more insights towards understand-

ng the phenomena associated with drug absorption and disposi-

ion ( Peng et al., 2016 ). 

Metabolomics is an analytical profiling technique for identi-

ying and quantifying the variation of endogenous metabolites,

hich offers a window on metabolic mechanisms ( Manchester &

nand, 2017 ). Because they intimately utilize and often rewire host

etabolism, sepsis is an excellent choice to study by metabolomics

echniques. Several analytical techniques have been used for

etabolomics and metabolite profiling such as nuclear magnetic

esonance (NMR) and mass spectrometry coupled with gas chro-

atography (GC–MS) ( Barding, Beni, Fukao, Baileyserres, & Lar-

ve, 2013; Suarez-Diez et al., 2017 ). NMR is a popular analytical
ll rights reserved. 
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latform for metabolite profiling, because it has advantages of rel-

tively easy reference-free quantification, little sample preparation,

ondestructive analysis nature, and universal detection for organic

ompounds ( Mussap, Antonucci, Noto, & Fanos, 2013 ). Because of

he inherent advantages of NMR, NMR platforms were used in this

tudy to evaluate sepsis and treatments of berberine and HL dy-

amically. 

In our previous studies, berberine and HL treatment effects

ere detected in septic mice induced by CLP. The aim of this study

as to describe the pharmacokinetics and metabonomics of HL

nd berberine in CLP-induced septic rats dynamically. 

. Materials and methods 

.1. Chemicals and reagents 

Berberine hydrochloride was purchased from Dalian Meilun

iotech Co., Ltd. (Dalian, China). Deuterium oxide (D 2 O, 99.9%),

odium 3-trimethylsilyl-1-[2,2,3,3- 2 H 4 ] propionate (TSP) were

ought from Sigma Chemical Co. (St Louis, MO, USA). All reagents

ere of analytical grade. 

.2. Quantitative analysis by HPLC 

Quantitative analysis was performed on an Agilent 1290 series

quipped with an Agilent photodiode array detector (Agilent Tech-

ologies, Waldbronn, Germany). A standard solution for berberine

as prepared in methanol. The amounts of berberine in HL extract

ere quantified. The mobile phase was composed of two parts: (A)

.1% formic acid in water; (B) methanol, in a gradient program:

–4 min, 10% B; 4–15 min, 10%–26% B; 15–27 min, 26%–28% B; 27–

5 min, 28%–70% B; 35–55 min, 70%–90% B; 55–60 min, 90% B. The

ow rate was set at 1 mL/min and the injection volume was 8 μL. 

.3. Animals and drug administration 

Male 6-week-old Sprague–Dawley rats [(250 ± 20) g] were ob-

ained from the Comparative Medicine Centre of Yangzhou Univer-

ity. Rats was housed in a well-ventilated and climate-controlled

oom at a relative humidity of (50 ± 10)% and a temperature of

25 ± 2) °C, with a 12 h light and dark cycle, with free access to

ater and rodent chow (5 rats per cage). All experiments were ap-

roved by the Animal Ethics Committee of the China Pharmaceu-

ical University (AECCPU20160308), and conducted in accordance

ith the National Institutes of Health (NIH) guidelines for the Care

nd Use of Laboratory Animals. 

After 7 d acclimatization, rats were randomly categorized

nto five groups ( n ≥ 20): CLP group (M), berberine + CLP group

Be), berberine + sham group (B), control group (S), Coptidis Rhi-

oma + CLP group (HL). Berberine and HL were in 0.5% solution

f sodium carboxymethylcellulose. We modeled sepsis by subject-

ng the rats to the CLP procedure ( Rittirsch et al., 2009 ). Briefly,

ats were anesthetized with ketamine (100 mg/kg), then were dis-

ected the midline of the abdomen. The cecum was ligated just

elow the ileocecal valve with 2-0 silk, the ligated cecal was then

unctured twice with an 18-gauge needle, and a small amount of

he intestinal contents was extruded through the puncture holes.

fter the bowel was returned to the abdomen, the incision was

losed in two layers. At the end of the operation, all rats were re-

uscitated with saline (3 mL/100 g). Sham control rats were treated

s described above except for cecal ligation and puncture. All ani-

als were returned to their cages with free access and water, after

 h, Be group: berberine (100 mg/kg) was ig administrated to CLP

ats. B group: berberine (100 mg/kg) was ig administrated to sham

ats. HL group: HL (378 mg/kg) was ig administrated to CLP rats. M

roup and S group were given water. 
.4. Sample collection 

Blood specimens were obtained before dosing and subsequently

t 5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 12 h,

nd 24 h after drug administration. Then the plasma samples

ere obtained by centrifugation at 4 °C, 30 0 0 rpm for 10 min, and

tored at − 80 °C. No obvious hemolysis was observed. A small

olume (50 μL) of the plasma sample was added 400 μL ace-

onitrile solution included internal standard (IS) (2-isopropylmolic

cid, 500 ng/mL), vortexed (5 min) and centrifuged (12 0 0 0 rpm,

0 min). The supernatant (400 μL) was evaporated to dryness.

hen, the residue was reconstituted in 100 μL methanol-1% formic

cid (10:90). After further centrifugation (12 0 0 0 rpm, 10 min), an

liquot of supernatant (5 μL) was injected into HPLC–MS/MS sys-

em for analysis. 

A total of 300 mL 99.8% D 2 O phosphate buffer (0.2 mol/L

a 2 HPO 4 and 0.2 mol/L NaH 2 PO 4 , pH 7.0, containing 0.05% TSP)

ere added to 300 mL plasma samples at 4 h, 8 h, 12 h, and 24 h in

rder to minimize any NMR shift variation due to the pH discrep-

ncy. After vortex and centrifugation to remove any debris, the su-

ernatant (about 550 μL) was then pipetted into 5 mm NMR tube

or 1 H-NMR analysis. TSP was used as the chemical shift reference,

nd D 2 O provided the field frequency lock signal. 

.5. Pharmacokinetic study 

.5.1. Instrumental analysis 

The analysis was performed as previously described ( Liu, Wang,

ang, Jia, & Kong, 2013 ). Chromatography was performed

n Agilent 1290 infinity system (Agilent Corp., Santa Clara,

A, USA). UPLC separations was done using Agilent Eclipse

100 mm × 2.1 mm, 1.7 μm) C 18 column at 40 °C. The mobile phase

onsisted of aqueous 0.1% formic acid solution (A) and acetonitrile

ith 0.1% formic acid (B). The optimal gradient conditions were as

ollows: 1%–20% B over 0–1 min, 20%–70% B over 1–3 min, 70%–

5% B over 3–8 min, 85%–100% B over 8–9 min, the composition

as held at 100% B for 1 min. The flow rate was 0.4 mL/min and

njection volume was 1 μL. Detections of the separation were done

y Agilent Q/TOF mass spectrometer (Agilent Corp., Santa Clara,

A, USA) equipped with an ESI interface. Optimized parameters

ere as follows: temperature 330 °C; drying gas N 2 flow rate

0.0 L/min; nebulizer, 35 psig; fragmentor, 120 V; capillary voltage,

500 V. The samples were analyzed in the positive ion mode in

ull scan (50–10 0 0 Da) due to its sensitivity for the detection of

erberine. 

.5.2. Method validation 

The method was fully validated according to the Food and Drug

dministration. The selectivity was evaluated by comparing blank

lasma from eight different rats for interference. Calibration curve

 y = ax + b ) was analyzed by weighted (1/X 

2 ) least squares linear

egression. The lower limit of quantitation (LLOQ) was defined as

he lowest concentration where the signal-to-noise (S/N) ratio was

arger than 10 and both the precision (the relative standard devia-

ion, RSD) and accuracy (relative error, RE) were less than or equal

o 20% by analyzing the eight replicates of samples spiked with

ach analyze ( Table 1 ). Linear regressions of the peak area ratios

ersus concentrations were fitted over the concentration range of

–20 0 0 ng/mL for berberine in rat plasma. 

The intra-day accuracy and precision were determined within

 d by analysis of eight replicates of QC samples at 4800 and

600 ng/mL. The inter-day precision and accuracy were determined

n three consecutive days. The accuracy and precision were de-

icted as relative error (RE) and RSD, respectively. The RE was

ithin ± 15% and RSD did not exceed ± 15%. The intra-day and
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inter-day and precision of the assay method for all analytes in rat

plasma were shown in Table 2 . 

Recovery was evaluated by comparing the mean peak area of

processed QC samples with the peak area of reference standards

prepared in reconstitute solvent. The matrix effect was determined

by comparing the peak areas of analytes in the above mentioned

standard solutions with those of the neat standards at the same

concentration. The stability of berberine in rat plasma was inves-

tigated by analysis of three levels of QC samples stored at − 80 °C
for two weeks (long-term stability), at 25 °C for 4 h (short-term

stability) and after three freeze-thaw cycles ( − 80 °C–25 °C). Post-

preparative storage was evaluated by analyzing the ready-to-inject

samples placed in auto sampler at 4 °C for 24 h. The data for the

absolute recovery and matrix effect were summarized in Table 3 .

All matrix effects were considered acceptable in this method. The

data for short-term stability, long-term stability, freeze-thaw sta-

bility and post-preparative stability were shown in Table 4 , also

acceptable for routine analysis. 

The developed and validated method was applied to deter-

mine berberine in rat plasma after administration. The mean
Table 1 

Calibration curve, correlation coefficient ( r 2 ), test range, weight cofficient

Sample Compound Calibration curve a r 2 

Plasma Berberine Y = 0.023 x −0.00531 0.9948

a Y is peak area in LC-QTOF-MSMS for berberine; x is compound amou
b LLOQ refers to lower limits of quantitation. 

Table 2 

Precision and accuracy of berberine for QC samples in rat plasma ( n = 8)

Sample Compound Concentration / RSD 

(ng • mL −1 ) Intra

4 6.48 

Plasma Berberine 800 2.76 

1600 5.52 

Table 3 

Recovery and matrix effect for berberine in rat plasma ( n = 8). 

Sample Compound Nominal 

concentration/ 

(ng • mL −1 ) 

Recovery 

(Mean ± S

4 89.4 ± 3.4

Plasma Berberine 800 87.5 ± 7.3

1600 90.2 ± 4.5

Table 4 

Stability of berberine in plasma under various storage conditions ( n = 8).

Compound Condition Concentrat

Added 

Berberine 4 

Short-term stability 800 

1600 

4 

Long-term stability 800 

1600 

4 

Freeze-thaw stability 800 

1600 

4 

Post-preparative stability 800 

1600 
oncentration-time curves of berberine in plasma were shown in

ig. 1 . 

.6. 1 H-NMR spectroscopy 

All the spectra were recorded on a Bruker AV-500 MHz

pectrometer (Bruker GmbH, Karlsruhe, Germany). To suppress

he signals of proteins, a modified transverse relaxation-edited

all-Purcell-Meiboom-Gill (CPMG) sequence (90( τ -180- τ ) n -

cquisition) was applied. Typically, 128 FIDs were collected into

2 K data points, spectral width of 10 0 0 0 Hz, an acquisition time

er scan of 2.54 s, recycle delay of 2 s and a mixing time of 100 ms.

sing TopSpin software (version 3.0, Bruker Biospin, Germany), all

MR spectra were manually phased, baseline corrected, and shift

orrected to TSP at 0.00 parts per million. 

The 1 H-NMR spectra were automatically exported to ASCII files

sing Mestre C (3.7.4, Mestrelab Research SL), then imported into

R” ( http://cran.r-project.org/ ), and peak further aligned with an

n-house developed R-script. The spectra were then binned into

.015 parts per million integrated spectral buckets between 0.20
 and LLOQ for berberine in methanol solution ( n = 8). 

Liner range 

(ng • mL −1 ) 

Weight 

cofficient 

LLOQ b 

(ng • mL −1 ) 

 5 −20 0 0 1/ x 2 5 

nt injected 

. 

/% Accuracy /% 

-day Inter-day Intra-day Inter-day 

5.64 −2 .88 −2 .28 

4.56 1 .56 −3 .48 

6.24 −1 .44 0 .84 

D, %) 

RSD /% Matrix effect 

(Mean ± SD, %) 

RSD /% 

 3.2 98.7 ± 4.2 4.6 

 5.1 92.2 ± 6.4 6.3 

 4.4 98.1 ± 5.3 1.7 

 

ion / (ng • mL −1 ) RSD /% Accuracy /% 

Measured 

3.97 ± 0.10 2.76 −1 .44 

789 ± 16 2.88 −1 .08 

1587 ± 115 6.96 −0 .6 

4.03 ± 0.07 1.08 0 .84 

790 ± 20 1.44 −0 .48 

1590 ± 122 6.84 −0 .72 

3.88 ± 0.16 3.48 −2 .28 

782 ± 14 2.4 −1 .44 

1578 ± 126 9.12 −1 .2 

3.85 ± 0.31 5.64 −3 .96 

780 ± 18 3.24 −3 .48 

1573 ± 114 8.4 −0 .48 

http://cran.r-project.org/
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Fig. 1. Mean plasma concentration–time profiles of B (A), Be (B), HL (C), and overlay chart of three groups (D). 
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nd 9.70. Regions of residual water resonances and its affected re-

ions (4.70–9.70 parts per million) were removed to avoid their in-

erference. The NMR data were binned, probabilistic quotient nor-

alized, mean centered and pareto scaled before multivariate sta-

istical analysis. 

.7. Data statistical analysis and peak assignments 

Orthogonal partial least-squares discriminant analysis (OPLS-

A), a supervised multivariate statistical data analysis method,

as executed by in-house developed scripts running in “R” soft-

are ( http://cran.r-project.org/ ), used to remove unrelated varia-

ions through an orthogonal filter and identified the most sig-

ificant variations among groups. The validity of the model was

ssessed by the parameters R 

2 for the total explained varia-

ion and Q 

2 for model predictability. The statistically signifi-

ant metabolites in samples were evaluated by independent t

est or Mann–Whitney test. The fold changes of metabolites

nd the associated P -values adjusted by BH (Benjamini-Hochberg)

ethods were calculated. P < 0.05 was considered statistically

ignificant. Data were expressed in mean ± standard deviation

SD). 

The signals were assigned by querying publicly accessible

etabolomics databases, such as MMCD ( http://mmcd.nmrfam.

isc.edu/ ), Madison ( http://mmcd.nmrfam.wisc.edu/ ), HMDB ( http:

/www.hmdb.ca/ ) and ECMDB (http:// www.ecmdb.ca/ ), aided by

henomx NMR suite 7.5 (Chenomx Inc., Edmonton, Canada), and

he statistical total correlation spectroscopy (STOCSY) analysis

ethod ( Holmes, Cloarec, & Nicholson, 2006; Kirwan, Coffey, Niere,

awley, & Adams, 2009; Sonkar, Purusottam, & Sinha, 2012 ). 

Metabolic pathway analysis (MetPA) was performed by Metabo-

nalyst (http:// www. metaboanalyst.ca) to reveal disturbed

etabolism. Metabolic correlation networks were performed using

he R-package igraph software. 

Pearson correlation networks of metabolites were calculated us-

ng the “R” software. The networks could present the Pearson cor-

elation coefficients among levels of metabolites and their struc-
ure similarity. In the networks, the nodes represent the metabo-

ites, and the gray lines indicate that direct biological reactions

xist between the connected nodes. Metabolites with correla-

ion coefficients over 0.6 were joined with solid lines, colored in

luish to reddish corresponding to − 1–1 of the correlation co-

fficients, whose widths were scaled according to their absolute

alues. 

. Results and discussion 

.1. Survival rate 

Lipopolysaccharide (LPS) induced a high mortality (40.0%) of

ice in CLP group, which could be totally avoided by HL treatment,

nd decreased by treatments of berberine to 13%. 

.2. Pharmacokinetic study 

The PK profile for different groups showed that there were

ignificant differences as shown in Table 5 . The mean plasma

oncentration-time profiles of Be, HL, and B groups were depicted

n Fig. 1 . The validated method was successfully applied to deter-

ine the plasma concentrations of Be in rats following ig admin-

stration of Be and HL ( n = 8 for each dose). The statistical analy-

is showed that there was no significant difference in T max (time

o reach maximum plasma concentration), MRT 0-t (mean residence

ime), MRT 0- ∞ 

. The statistical analysis has shown that there was

ignificant difference in t 1/2 , T max , CL (clearance rate), AUMC 0- t (ar-

as under the first moment curves), AUMC 0- ∞ 

, and Vd (volume of

istribution) among the three groups ( P > 0.05). The C max (max-

mum plasma concentration) were respectively (490.67 ± 89.90)

nd (333.53 ± 62.46) ng/mL for the berberine and HL ( P = 0.0015).

his represents an increase of 1.47-fold. The mean half-life ( t 1/2 )

as 0.83 h in Be group, obviously less than HL (1.10 ± 0.28), in-

icating that berberine was eliminated quickly than HL in rats.

L and AUC were linearly related to the doses, showing that
0- ∞ 

http://cran.r-project.org/
http://mmcd.nmrfam.wisc.edu/
http://mmcd.nmrfam.wisc.edu/
http://www.hmdb.ca/
http://www.ecmdb.ca/
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Table 5 

PK parameters of different groups. 

Parameters Units B group Be group HL group P value B vs 

Be group 

P value Be vs 

HL group 

T 1/2 h 1.03 ± 0.38 0.83 ± 0.24 1.10 ± 0.28 0.2487 0.0167 

T max h 0.22 ± 0.07 0.22 ± 0.07 0.25 ± 0.00 1.0 0 0 0 0.3632 

C max ng • mL −1 359.35 ± 110.95 490.67 ± 89.90 333.53 ± 62.46 0.0756 0.0015 

AUC 0-t h • ng • mL −1 279.72 ± 46.91 417.51 ± 52.25 277.92 ± 60.75 0.0019 0.0 0 01 

AUC 0- ∞ h • ng • mL −1 302.83 ± 43.06 443.15 ± 58.55 299.08 ± 65.11 0.0025 0.0 0 01 

Vz mL • kg −1 541127.75 ± 222646.99 297005.91 ± 90803.13 588754.73 ± 184633.02 0.0416 0.0013 

Cl mL • hr −1 • kg −1 362167.26 ± 47121.84 246911.16 ± 29224.00 375159.98 ± 78338.63 0.0015 0.0025 

AUMC 0-t h • h • ng • mL −1 237.45 ± 64.44 407.31 ± 48.26 281.46 ± 79.42 0.0 0 06 0.0025 

AUMC 0- ∞ h • h • ng • mL −1 358.49 ± 132.42 539.54 ± 147.68 400.72 ± 136.85 0.0 0 03 0.0180 

MRT 0-t h 0.86 ± 0.25 0.98 ± 0.09 1.01 ± 0.16 0.3067 0.6457 

MRT 0- ∞ h 1.19 ± 0.43 1.22 ± 0.29 1.33 ± 0.31 0.8464 0.0964 

Fig 2. Typical 500 MHz 1 H NMR spectra of serum obtained from B, BE, HL, CLP, and sham groups. Metabolites in serum: 1. LDL/VLDL; 2. Isoleucine (Ile); 3. Leucine (Leu); 

4. Valine (Val); 5. 3-hydroxybutyrate (3-HB); 6. Lactate (Lac); 7. Alanine (Ala); 8. Lysine (Lys); 9. Homoserine (Hom); 10. Pyruvate (Pyr); 11. Glutamate (Glu); 12. Citrate (Cit); 

13. Creatine (Cr); 14. Cysteine (Cys); 15. Choline (Cho); 16. Taurine (Tau); 17. Glucose (Glc); 18. Glycine (Gly); 19. Phosphocreatine (PCr); 20. Threonine (Thr). 

 

 

 

 

 

 

 

 

 

 

 

 

3

3

 

s  

s

3

 

s  

t  

a  

m  

T  
the pharmacokinetic process of berberine belongs to linear phar-

macokinetics. Significantly highest area under the curve (AUC)

values were observed in the Be group (417.51 ± 52.25 ng/h/mL)

compared with HL group (277.92 ± 60.75 ng/h/mL) and B group

(279.72 ± 46.91 ng/h/mL) with P values of 0.0 0 01, 0.0 019, respec-

tively, indicating a 1.5-fold increase in the Be group, similar results

were found in AUC 0- ∞ 

. There was no significant difference in t max 

among the three groups, (0.22 ± 0.07), (0.22 ± 0.07), (0.25 ± 0.00)

for B, Be and HL groups, respectively. Significant differences were

observed for apparent volume of distribution ( P = 0.0013), and

total body clearance ( P = 0.0025) in Be and HL group. The time that

drug’s level below LLQQ was around 4 h. In order to describe holis-

tic treatment effects, we produced metabonomics analysis at 4 h,

8 h, 12 h, and 24 h. 
Fig. 3. OPLS-DA score trajectory plots of NMR data of different g
.3. NMR metabonomics profile 

.3.1. Metabolites identification 

Representative 1 H-NMR spectra for plasma samples were

hown in Fig. 2 . A total of 20 metabolites in the plasma were as-

igned. 

.3.2. OPLS-DA score of all groups at each time point 

In the preliminary experiments, the binned NMR data were

ubjected to OPLS-DA analysis. In the OPLS-DA score plot ( Fig. 3 ),

he 12 mol/L group is the furthest apart from the sham group,

mong all the 4, 8, and 24 mol/L groups, which suggests that the

ost notable metabolic disturbance occurred 12 h after CLP model.

o investigate the metabolic changes caused by CLP, an OPLS-DA
roups at 4, 8, 12, and 24 h after CLP model establishment. 
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odel was established in the S and 12 M groups. The S, B, Be and

L group at four time points (4, 8, 12, and 24 h) showed separa-

ion from the M group, even overlapping with sham group, and

hen treatment groups was gradually close to the M group, which

uggests that the best treatment effects after administration with

rugs at 4 h. In addition, berberine has the equivalent treatment

ffects to HL. 

.3.3. Metabolomic analysis 

To investigate the direct effect of CLP on rats, the OPLS-DA anal-

sis was used to dynamically investigate the changed metabolites

n plasma at four time points (4, 8, 12, and 24 h after CLP model).

he 1 H NMR data from the normal control (NC) rats and the low

ose VB-administered rats were evaluated at three time points (LT-

, LT-6, LT-12) using OPLS-DA analysis to dynamically investigate

he time-dependent toxicity of VB at a dosage comparable to that
sed in clinic 

ig. 4. Metabolomic profiles between S and M groups at 4, 8, 12, and 24 h. A, C, E, G: sc

bsolute value of correlation coefficients. 
The M and S groups were well separated OPLS-DA score plots

 Fig. 4 ), indicating that the metabolic state of the rats was dis-

urbed by CLP. The 1 H NMR data from the Be and M group were

ssessed by OPLS-DA analysis to dynamically investigate the treat-

ent effects of berberine at four time points (4, 8, 12, 24 h after

LP model).The M and Be groups were well separated OPLS-DA

core plots ( Fig. 5 ), indicating berberine could relieve metabolic

isorder induced by CLP, while the protect effects became weaken

t 24 h. 

Metabolites contributed to the differences between the groups

ere selected from the loading plots ( Figs. 4 and 5 ) and

able 6 which was color-coded according to the absolute value of

he correlation coefficient: a red signal indicated a more significant

ontribution to the class separation than a blue signal. 

The metabolite line graph ( Fig. 6 ) showed the changes and

rends of M group, Be group, and S group. In general, com-

ared with S rats, CLP model induced the disorder of metabolites:
ore plots for OPLS-DA; B, D, F, H: OPLS-DA loading plots color-coded according to 
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Fig. 5. Metabolomic profiles between M and Be groups at 4, 8, 12, and 24 h. A, C, E, G: score plots for OPLS-DA; B, D, F, H: OPLS-DA loading plots color-coded according to 

absolute value of correlation coefficients. 
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significantly increased levels of taurine, glucose, phosphocrea-

tine (Pcr), glycine (Gly), obviously decreased levels of lactate

(Lac), alanine (Ala), lysine (Lys), pyruvate (Pry), glutamate (Glu),

isoleucine/leucine (Ile/Leu), Cr, Threonine (Thr), and those changes

could be alleviated by berberine. 

Pharmacodynamics evaluation combined with multivariate sta-

tistical analysis, univariate statistical analysis, and correlation net-

work analysis ( Fig. 7 ) revealed that CLP induced sepsis showed

marked changes of metabolites concerning energy metabolism,

amino acids metabolisms, oxidative stress as well as nucleic acid

metabolism. 

Compared with S group, significantly increased level of glu-

cose, combined with obviously decreased levels of pyruvate, lac-

tate and alanine was found in plasma of M group, indicating the

blockage of glucose oxidation for energy supply and the distur-

bance in energy metabolism. Glucose was into pyruvate via glycol-

ysis, ( Alves, Alves, Costa, Castro, & Vinaud, 2017 ) producing adeno-
ine triphosphate (ATP). Significantly increased level of glucose and

bviously decreased level of pyruvate, suggested the hindered uti-

ization of glucose, which caused accumulation of glucose and in-

ufficient ATP generation. Lactate is the end-product of glycolysis

 Harris et al., 2016; Love, Barrett & Hawkins , 2016 ), so its decease

ndicated an inhibited glycolysis. 

The insufficient ATP supply results in an increasing reliance

n of other means to produce energy, such as Creatine-

hosphocreatine (Cr-PCr) system and ketone bodies. The

r-PCr system, through the creatine kinase (CK) reaction,

 Hoerter, Ventura-Clapier, & Kuznetsov, 1994 ) plays crucial role in

aintaining a constant ATP level. ( Guzun et al., 2011; Kanazawa

t al., 1998 ) The decreased Cr and increased PCr levels in the

lasma suggested an accelerated conversion to ATP. Ketone bodies,

.g. 3-hydroxybutyrate (3-HB), may also serve as fuel if energy

ebt ( Groscolas, 1986; Marat, Anton, Yuri, & Piotr, 2011 ). The

etone bodies were transferred from the plasma to organs to
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Table 6 

Identified metabolites from different groups with fold change and P value. 
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2  
eplenish an insufficient energy supply, 3-HB was not significantly

hanged at 4 h, which was decreased along with time, suggest-

ng its transfer from plasma to organs. The results indicated

hat energy metabolism was severely damaged in the M group.

erberine greatly improved the damaged energy metabolism in

he M group as evidenced by their ability increase to energy

vailability. With the improved energy supply, the other energy

roduction means were no longer necessary as exemplified by

he decreased Cr and increased PCr levels, and reduced ke-

one body levels in Be group as compared with those in the M

ats. 

Significantly decreased level of glutamine was found in M group

s compared with S group. Glutamine, serves as an essential

etabolic precursor in nucleotide, energy metabolism, glutathione
omeostasis, protein synthesis and so on. ( Tapiero, Mathé, Cou-

reur, & Tew, 2002; Wu et al., 2015 ). Thus, the significantly de-

reased level of glutamine was found in M group showed its uti-

ization during sepsis. Moreover, it has been shown that glutamine

ould reduce the extent of myocardial apoptotic cell death by de-

reasing the gene and protein expression of caspase-3 and be used

o prevent the onset of sepsis at an early stage ( Yin, Wei, Zhang,

e, & Zhu, 2014 ). The markedly increased level of glutamine in Be

roup showed the ameliorative sepsis. 

Taurine, the most abundant free amino acid (AA) in

he body, influences cell function including regulation of

ell osmotic and calcium homeostasis, anti-oxidant defense

 Abdul & Dhanapal, 1997; Chang et al., 2004; Chou et al.,

015 ; Ghosh et al., 2008; Shimizu & Satsu, 20 0 0 ); as a con-
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Fig. 6. Metabolite dynamic change line graph among S, M, and Be groups. S group was set as 1. Changes of M and Be groups at 4, 8, 12, and 24 h. 
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Fig. 7. Correlation network of differential metabolites between M and S group at T4 (A), T8 (B), T12 (C) and T24 (D) in serum. Only correlations with absolute values of 

correlation coefficients greater than 0.60 and P values < 0.05 were kept. Nodes represent metabolites, and lines between nodes indicated biological relationships between 

two corresponding metabolites. Red (blue) metabolites represented upregulated metabolites (downregulated metabolites) in M rats compared with sham rats or in drug- 

treated rats as compared with M rats. Solid lines between molecules indicated a correlation between molecules, line colors of red and blue displayed positive and negative 

relationships, respectively. Metabolites of similar structures were connected by dotted lines, indicating a possible biochemical reaction between molecules. 
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equence, changes in taurine disposal have been associated with

hanges in immune competence and anti-inflammatory protection

 Chiala, SiegeF, Boldrni, & Castagneto, 20 0 0 ). 

In our study, taurine was significantly increased in M group,

hich was supported by the previous research. It has been found

xperimentally that early increases in plasma taurine are elicited

y the pro-inflammatory mediators of sepsis, are predictive of a

ore severe inflammatory response at pulmonary level, and that

otentiation of taurine availability by exogenous support is protec-

ive against mediator-induced body dysfunction ( Cantin, 1994; Vi-

la, 2001 ). 

Glycine was increased at highest level at 12 h, come back to

ormal at 24 h in M group as compared with S group. Glycine has

ained attention due to its beneficial immunomodulatory effects in

ransplantation, shock and sepsis ( Stoffels et al., 2011; Yang, Koo,

haudry, & Wang, 2001; Zhong, Wheeler, Li, Froh, & Schemmer,

003 ). Glycine reduces the immunoinflammatory response, the de-

ree of distant organ injury, and the mortality rate, its increase

n sepsis may be a self-protective mechanism. This great interest

as been elicited by the evidence that requirement for glycine in-

reases in sepsis for anti-oxidant and anti-inflammatory protection.

t is normal in Be group which showed the mitigated metabolic

isorders caused by CLP. 

Significantly decreased levels of lysine and homoserine were

ound in M rats, which has been associated with systemic oxida-
ive stress. The biosynthesis of homoserine and lysine begins with

spartic acid, a common intermediate in the biosynthesis of ly-

ine and homoserine ( Varisia et al., 2008; Viola et al., 2001 ). Ho-

oserine dehydrogenase (HSD) is an oxidoreductase in the as-

artic acid pathway ( Navratna, Reddy, & Gopal, 2015 ). This en-

yme coordinates a critical branch point of the metabolic pathway

hat leads to the synthesis of L -lysine, L -threonine, L -methionine,

nd L -isoleucine( Chen, Rappert, & Zeng, 2015 ). Body oxidative

tress affected HSD expression, leading the synthesis disturbance

f those amino acid. The AAAs (Isoleucine/Leucine, valine), and

hreonine increased up to 4 h, and then decreased follow time in M

roup, suggesting a synthesis disturbance counteracted the protein

egradation follow times. Those phenomena were not obvious in

e group. 

. Conclusion 

In summary, metabolomics analysis combined with correlation

etwork analysis and pharmacokinetics revealed that CLP induced

epsis which showed marked changes of metabolites concerning

nergy metabolism and amino acids metabolisms, which could be

eversed towards the normal state by berberine. Berberine ex-

ibited an equivalent and even better therapeutic effect than HL.

ombined pharmacokinetics and metabolomics approach dynami- 
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cally and holistically provided a promising tool for the study and

better understanding of diseases and drugs. 
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