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induced steatosis using metabolomics approaches†
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Rayan Ataya,a Christopher M. Bentonc and Michael R. Mundaya

Steatosis is the accumulation of triglycerides in hepatic cells wherein fats exceed 5% of the entire liver

weight. Although steatotic liver damage is reversible due to the liver's regenerative capability, protracted

damage often and typically leads to irreversible conditions such as cirrhosis and hepatocellular

carcinoma (HCC). Therefore, early steatotic detection is critical for preventing progression to advanced

liver diseases. This also becomes particularly important given the higher prevalence of drug usage, as

drugs are a frequent cause of liver damage. Currently, the recommendation to diagnose steatosis is

using liver enzymes and performing a liver biopsy. Liver biopsy remains the gold standard method of

detection, but the procedure is invasive and an unreliable diagnostic tool. Non-invasive, specific and

sensitive diagnostic solutions such as biomarkers are therefore needed for the early detection of

steatosis. Our aim is to identify changes in urinary metabolites in tetracycline-induced hepatic steatotic

rats at different stages of the diseases using metabolomic-based techniques. Sprague Dawley male rats

are treated by intraperitoneal injection (I.P.) with either 62.5 mg kg�1 or 125 mg kg�1 tetracycline, an

antibiotic previously known to induce steatosis. We analyse the metabolic profile of the urinary

tetracycline induced hepatic steatotic rats using 1H nuclear magnetic resonance (NMR), 2D 1H–1H

TOCSY (total correlation spectroscopy) and electrospray liquid chromatography-mass spectrometry (ESI-

LC-MS/MS) based metabolomics. The combined analysis of haematoxylin & eosin (H&E), oil red O (ORO)

and direct measurement of triglyceride content in the liver tissues of the control samples against 125 mg

kg�1 and 62.5 mg kg�1 treated samples, reveals that 125 mg kg�1 tetracycline exposure potentially

induces steatosis. The combination of 1H NMR, 2D 1H–1H TOCSY and ESI-LC-MS/MS alongside

multivariate statistical analysis, detected a total of 6 urinary metabolites changes, across 6 metabolic

pathways. Furthermore, lysine concentration correlates with liver damage as tetracycline dose

concentration increases, whilst both H&E and ORO fail to detect hepatocellular damage at the lowest

dose concentration. We conclude that the combination of 1H NMR and ESI-LC-MS/MS suggests that

these are suitable platforms for studying the pathogenesis of steatosis development, prior to

morphological alterations observed in staining techniques and offer a more detailed description of the

severity of the steatotic disease.
Introduction

Non-alcoholic fatty liver disease (NAFLD) has become one of the
leading causes of chronic liver disease globally.1–3 NAFLD
represents a spectrum of diseases ranging from simple steatosis
progressing to nonalcoholic steatohepatitis (NASH), brosis,
cirrhosis and hepatocellular carcinoma (HCC).4,5
cal Chemistry, University of London, UK.

d Infection, Department of Life Science,

e London, UK

tion (ESI) available. See DOI:

f Chemistry 2020
Steatosis, also known as fatty liver, is caused by hepatic cells
retaining abnormal levels of triglycerides, wherein fats exceed
5% of the entire liver weight.2,5–8 Whilst damage here is typically
reversible given the liver's high regenerative capability,9 early
detection remains critical for preventing progression towards
irreversible conditions, which include cirrhosis and HCC.4,5,10

Abnormal enzyme liver function tests (serum aminotrans-
ferase enzymes) and non-invasive methods (ultrasound or 1H-
magnetic-resonance spectroscopy) are used to diagnose liver
disease such as steatosis.11 Steatosis is usually diagnosed by the
measurement of gamma-glutamyl transferase (GGT) and
alanine aminotransferase (ALT)12 and in addition ultrasonog-
raphy. Ultrasound is commonly used in detecting hepatic
steatosis and can also provide grading of the hepatic fat content
based on the visual assessment.13 However, it is difficult to
RSC Adv., 2020, 10, 41047–41057 | 41047
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detect small changes in hepatic fat content with time and
therefore not useful for early or mild steatosis.14 Once hepatic
steatosis is diagnosed the difficultly then is to measure the
degree of severity of the disease.12,15 Therefore, liver biopsy
remains the gold standard for detection and prognosis but the
procedure is invasive and prone to sampling error.16 Further-
more, due to the asymptomatic nature of the condition there is
a need for a more sensitive, specic and less invasive form of
detection.

The use of drugs is a frequent cause of steatosis,17–19 ranging
across multiple therapeutic classes including antiarrhythmic
agents, chemotherapeutics, and tetracyclines.6,20–22 High doses
and prolonged use of tetracycline, for treatment of a range of
bacterial infections,23 has been shown to cause steatosis and
liver damage in animals23–26 clinically similar to the human
pathology of liver steatosis assessed by histological staining.27–29

Animal studies play an important role in studying and under-
standing the pathogenic processes of the human disease.30

Tetracycline-induced steatosis animal models have been used
to elucidate the mechanism underlying the pathogenesis of
hepatic steatosis and search for diagnostic biomarkers.19

Various cellular mechanisms are indicated as contributing to
steatotic onset, including impairment of the mitochondrial
enzymes, impaired fatty acid oxidation and peroxisome
proliferator-activated receptor (PPARa) pathways causing
a decrease in catabolism of fatty acids, reduced synthesis and
secretion of very-low-density lipoprotein (VLDL), and a potential
increase in lipogenesis.6,20,21,25,31,32 Researchers have investi-
gated altered chemical pathways27,33–36 drug-induced steatosis
throughmetabolite changes in serum, urine and hepatic tissues
from animals and patients.19,22,24,25,37–41 These studies have
identied several metabolites associated with various pathways
related to the pathogenesis of drug induced steatosis. However,
these studies have limitations identifying changes in
biomarkers in the early development and progression of the
disease.35 Therefore, more sensitive and specic biomarkers are
required to diagnose the progression or severity of drug induced
liver steatosis.42

Here, we investigate urinary metabolites from tetracycline-
induced hepatic steatotic rats, using both 1H nuclear
magnetic resonance (NMR) and liquid chromatography-mass
spectrometry (ESI-LC-MS/MS) based metabolomics. We nd
a number of potential biomarkers whose change in concentra-
tion correlates with the progression of steatosis, producing
leads towards the most signicant biochemical pathways. We
also nd that haematoxylin & eosin (H&E) and oil red O (ORO)
staining is less sensitive in the detection of the disease at lower
dose levels of drug compared to metabolomics and may there-
fore be less reliable in tracking steatotic severity.

Experimental details
Materials and reagents

Monobasic sodium phosphate (NaH2PO4), dibasic sodium
phosphate (Na2HPO4), sodium chloride (NaCl), ethanol, potas-
sium hydroxide (KOH), magnesium chloride (MgCl2), methanol
and formalin xative were purchased from Sigma-Aldrich Co.
41048 | RSC Adv., 2020, 10, 41047–41057
Ltd, Gillingham, Dorset, UK. Tetracycline hydrochloride was
purchased from Fluka Chemicals, Gillingham, Dorset, UK.
Trimethylsilyl propionate (TSP), and deuterated water (D2O)
were purchased from Cambridge Isotopes Laboratories, Inc.,
Maryland, USA.

Animals

Male 7–8 weeks old Sprague Dawley (SD) rats (180–200 g) were
supplied by Harlan Laboratories Inc., Bicester, Oxfordshire, UK.
Rats were fed on a chow diet supplied by SDS Ltd, Witham,
Essex, UK. Rats were kept in communal cages at temperatures of
19–22 �C, relative air humidity of 45–65% and a light : dark
cycle of 12 : 12 hours (lights on at 7 am) with unrestricted access
to diet and water. Rats were acclimatised to these conditions for
at least 5 days prior to the start of the study. Animals were
weighed daily and monitored for signs of ill health. Throughout
the study we closely monitored the rats for any signs of distress
using the ‘distress scoring sheet’. This included observing the
appearance, natural behaviour, hydration status, clinical signs,
provoked behaviour, and response to touch. Animals were
observed and scored on these parameters. The animal house
team also monitored the rats for any signs of distress during the
fasting period. Moreover, many of the metabolomics papers
conducted similar fasting methods, from 6 to 24 hours, aer
treating their animals with drugs.25,43,44 All animal procedures
were performed in accordance with the Guidelines for Care and
Use of Laboratory Animals of the Home Office Act ‘Code of
Practice for the Housing Care of Animals used in Scientic
Procedures’, UK Home Office (1986). University and experi-
ments were approved by the animal ethics committee of
Bloomsbury Ethics Committee.

Sample collection and preparation

Rats (n ¼ 15) were dosed by intraperitoneal injection (I.P.) with
either 0.9% saline (vehicle untreated; n ¼ 5) or tetracycline
dissolved in 0.9% saline at a dose level of either 62.5 mg kg�1

body weight (n ¼ 5) or 125 mg kg�1 body weight (n ¼ 5). The
concentration of tetracycline was adjusted so that themaximum
volume received by an animal was 0.3 mL. Control animals
received 0.3 mL saline solution only. Tetracycline doses were
prepared fresh and used within 30 minutes of preparation. The
rats were injected once a day for two days. Aer the second dose
animals were placed in metabolism cages and urine collected
over 12 hours. Urine was collected over ice and stored at �80 �C
until later analysis. In the metabolism cages rats could access
water but not diet. Upon removal from the metabolism cages,
rats were killed by I.P. injection of pentobarbital sodium, and
exsanguinated from the abdominal aorta. The livers were har-
vested and weighed. All the liver lobes were removed and placed
in either formalin or frozen in liquid nitrogen and stored at
�80 �C until later analysis.

Histopathologic examination

The right and le liver lobules were excised and xed in
formalin. These liver lobules were processed, stained with H&E
or ORO. H&E was processed and used for morphological
This journal is © The Royal Society of Chemistry 2020
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analysis conducted by the pathologist at the Royal Veterinary
College (RVC). ORO was used for the assessment of lipids in the
hepatic cells carried out by Histologix Ltd. Epiuorescent
microscope, EvosFL Auto was used to take photomicrographs of
both the H&E and ORO liver tissues.

Sample preparation for the triglyceride assay

Frozen liver samples were ground to a powder under liquid
nitrogen, and 150–250 mg transferred to a microfuge tube. 400
mL ethanolic KOH was added to the powdered liver, samples
were vortexed and incubated at 55 �C. Aer 2 hours 300 mL of
ethanolic KOH was added, vortexed and placed into the incu-
bator at 55 �C overnight. Samples were centrifuged at
13 000 rpm for 5 minutes and the supernatant removed.
Water : ethanol (1 : 1) solution was added to adjust the volume
to 1000 mL. 200 mL of the sample was transferred to a new
Eppendorf tube and 215 mL of 1 M MgCl2 was added. The
samples were vortexed, le on ice for 10 minutes and centri-
fuged at 13 000 rpm for 5 minutes.

Triglyceride assay

Analysis of liver triglyceride content was performed by
measuring the glycerol released from the saponication in
ethanolic KOH using glycerol oxidase (Sigma kit F6428).45 A
calibration curve was constructed using glycerol standards
(Sigma G7793). Glycerol content was measured spectrophoto-
metrically by the change in absorbance of oxidized 4-amino-
phenazone at 540 nm and expressed as triglyceride equivalents.

1H NMR spectroscopic sample preparation

The urine samples were thawed and centrifuged at 13 000 rpm
for 5 minutes. 200 mL of buffer solution (0.2 M Na2HPO4/0.2 M
NaH2PO4) was added to 500 mL of urine before centrifugation at
13 000 rpm for 10 minutes. Urine sample mixtures and 50 mL of
a standard solution of 1 mM TSP in D2O solution, was trans-
ferred to a 5 mm NMR tube. The TSP provided a chemical shi
reference (d¼ 0.0) and D2O provided a deuterium lock signal for
the NMR spectrometer.

1H NMR spectra experiments

Urine samples were analysed by one-dimensional (1D) and two-
dimensional (2D) 1H NMR spectroscopy. 1H NMR spectra were
acquired using a 500 MHz Bruker DRX-500 spectrometer
equipped with QNP cryoprobe. Using 1D proling method
which employed presaturation and 90� pulse calibration using
pulsecal on each sample. Experimental methods were per-
formed using modied procedure as described by Guo et al.
(2015) and Tang et al. (2017). For more detail methods
regarding 1H NMR spectroscopy, see ESI.†

1H NMR and 2D 1H–1H TOCSY data analysis with metabolite
identication

All 1H NMR spectra were manually corrected for baseline and
phase using TopSpin version 4.0.4 (Bruker Analytik, Rheinstet-
ten, Germany). Identication of metabolites based on the
This journal is © The Royal Society of Chemistry 2020
chemical shis that changed between treated and control
samples, was conducted by visual comparison of the 1H NMR
data collected against spectra obtained in previously published
literature and databases such as KEGG pathway database
(http://www.genome.jp/kegg/) and Human Metabolome Data-
base (HMDB) (http://www.hmdb.ca/). The correlations observed
in the 2D 1H–1H TOCSY spectra were used to conrm the
assignments obtained from 1D 1H NMR spectra.
Metabolite extraction experiments for ESI-LC-MS

Urine samples were diluted 1 : 1 using a mixture composed of
acetonitrile/methanol/water 40 : 40 : 20 v/v/v and vortexed. This
solution was further diluted by 1 : 1 with acetonitrile containing
0.2% acetic acid, vortexed and spun 10 minutes at 17 000 � g at
4 �C to pellet insoluble materials. Four mL of the resulting
supernatants were then injected into the LC-MS.
ESI-LC-MS experiments

Aqueous normal phase liquid chromatography was performed
using an Agilent 1290 Innity II LC system equipped with
a binary pump, temperature-controlled auto-sampler (set at 4
�C) and temperature-controlled column compartment (set at 25
�C) containing a Cogent Diamond Hydride Type C silica column
(150 mm � 2.1 mm; dead volume 315 mL). A ow rate of 0.4
mL min�1 was used. Elution of polar metabolites was carried
out using solvent A consisting of deionized water (resistivity �
18 MW cm) and 0.2% acetic acid, and solvent B consisting of
0.2% acetic acid in acetonitrile. The following gradient was
used: 0 min 85% B; 0–2 min 85% B; 3–5 min to 80% B; 6–7 min
75% B; 8–9 min 70% B; 10–11 min 50% B; 11.1–14 min 20% B;
14.1–25 min hold 20% B followed by a 5 min re-equilibration
period at 85% B at a ow rate of 0.4 mL min�1. Accurate mass
spectrometry was carried out using an Agilent Accurate Mass
6545 QTOF apparatus. Experimental methods were performed
usingmodied procedure as described by Lobato-Marquez et al.
(2019), Reboll-Ramirez et al. (2019) and Liu et al. (2020). For
more detail methods regarding ESI-LC-MS, see ESI.†
ESI-LC-MS data analysis and metabolite identication

Metabolites were identied by comparing the metabolite's
feature exact mass (m/z) obtained from LC-MS against putative
mass values in the METLIN database (http://metalin.scrpps.edu),
within a mass difference of <10 ppm. The MS/MS fragmentation
analysis of themetabolite, was compared to plausible biomarkers
suggested by competitive fragmentation modelling for metabo-
lite identication (CFM-ID) and Molecular Structure Correlator
using the METLIN database (Agilent). Biochemical pathways
involved were found using KEGG pathway database (http://
www.genome.jp/kegg/) and Human Metabolome Database
(HMDB) (http://www.hmdb.ca/).
Statistical analysis

Metabolites obtained from both 1H-NMR and ESI-LC-MS/MS
data are further validated by Kruskal–Wallis test using
RSC Adv., 2020, 10, 41047–41057 | 41049
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statistical soware STATA 15. P-Values < 0.05 are selected as
statistically signicant.
Results

For liver weight analysis, the observed means (SEM) of control,
62.5 mg kg�1, and 125 mg kg�1 tetracycline-treated rat samples
were 183.4 g (5.4), 188.9 g (8.0), and 196.5 g (4.5), respectively.
Respective observed medians (range) are 180.5 g (170.4–203.3),
184.3 g (173.9–219.4) and 198.3 g (185.3–210.8). While there is
no statistically signicant difference between any of the three
Fig. 1 Liver structure and fat content of rats treated with tetracycline. (A)
tetracycline treated rats. (B) Mean triacylglycerol content increased in the
62.5 mg kg�1 tetracycline rats' liver (n ¼ 5). Data are mean � SEM (Kruska
Histological images (200 mm) of rats exposed to (C and F) control (D a
tetracycline treated. Refer to method section for Experimental details an

41050 | RSC Adv., 2020, 10, 41047–41057
groups (p ¼ 0.16), a visual inspection of the data (Fig. 1A)
suggests a higher average value of liver weight in the 125 mg
kg�1 tetracycline-treated rats compared with control group
(mean diff.: 13.06 (95% CI: �5.93 to 32.05)) and 62.5 mg kg�1

(mean diff.: 5.44 (95% CI: �13.55 to 24.43)).
For the analysis of triacylglycerol content per gram of liver,

the observed means (SEM) of control, 62.5 mg kg�1, and 125 mg
kg�1 tetracycline-treated rat samples, are 3.08 mg g�1 (0.30),
2.57 mg g�1 (0.43), and 4.99 mg g�1 (0.98), respectively.
Respective observed medians (range) are 2.97 mg g�1 (2.29–
4.04), 2.54 mg g�1 (1.51–4.07) and 5.76 mg g�1 (2.73–7.79).
Mean liver weight increased in both the 62.5 mg kg�1 and 125 mg kg�1

125 mg kg�1 tetracycline treated rats' liver (n¼ 5) and a decrease in the
l–Wallis). (C–E) Hematoxylin and eosin stain and (F–H) oil red O stain.
nd G) 62.5 mg kg�1 tetracycline treated and (E and H) 125 mg kg�1

d these panels are representative of the 5 rats in each group.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) of urine samples acquired by 1H
NMR spectra showing separation of control and treated. (A) PCA scores plot of urine, (B, D and F) OPLS-DA scores plot of urine. (C and E)
Permutation test plots (200 permutations) for control vs. 62.5 mg kg�1 (R2 0.99, 0.0; Q2 0.0, 0.87) and control vs. 125 mg kg�1 (R2 0.0, 0.99; Q2

0.0, 0.91). Each point on the scores plot represents one sample. Control samples are represented by red circles (n¼ 5), 62.5mg kg�1 samples (n¼
5) are represented by light blue diamonds (n ¼ 5) and 125 mg kg�1 are represented by dark blue squares (n ¼ 5). See Table S1 ESI† for R2X (cum),
R2Y and Q2 (cum) details.
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Again, there is no statistically signicant difference between any
of the three groups (p ¼ 0.14). However, visual inspection of the
data (Fig. 1B) suggests a higher average value of liver triglyceride
compared with control group (mean diff.: 1.91 (95% CI: ¼ –0.08
to 3.90)) and 62.5 mg kg�1 (mean diff.: �0.51 (95% CI: �2.50 to
1.48)). Histological examination of control and 62.5 mg kg�1

tetracycline-treated rat liver tissues exhibited normal lobular
architecture (Fig. 1C and D). However, the liver morphology
from 125 mg kg�1 tetracycline-treated rats (Fig. 1E) displayed
mild hepatocellular vacuolation indicated by arrows, potentially
containing either glycogen or fat. This is further supported by
ORO staining as there was an increase uptake of stain sug-
gesting an increase of intracytoplasmic triacylglycerol content
in the 125 mg kg�1 tetracycline-treated rats (Fig. 1H), in
comparison to control and 62.5 mg kg�1 tetracycline-treated
rats (Fig. 1F and G). The combined analysis of histological
ORO staining and direct measurement of triacylglycerol
Table 1 Filtered list of metabolites detected by 1D 1H NMR spectra. Meta
NMR spectra of urine from rats treated by either 62.5 mg kg�1 or 125 m
Values differing significantly according to S-plot and VIP plot are shown

Tetracycline treated samples

Metabolites Chemical shi (ppm) Multiplicities P-V

Hippurate 7.84 d 0.0
Citrate 2.54 d 0.0
Lysine 1.98 m 0.0

This journal is © The Royal Society of Chemistry 2020
content, suggests that tetracycline exposure at 125 mg kg�1

dosage induces steatosis.

1H NMR based metabolomics analysis and metabolite
identication

Multivariate statistical analysis by principal component anal-
ysis (PCA) scores plot from 1H-NMR spectra revealed differences
between the control and 62.5 mg kg�1 or 125 mg kg�1

tetracycline-treated rats. The urine PCA scores plot showed
three different groups, indicating that tetracycline induced
changes in the rats' metabolic prole (Fig. 2A). An orthogonal
partial least squares discriminant analysis (OPLS-DA) scores
plot from 1H-NMR further suggests metabolite differences
between control and treated, and additionally differentiating
between the two administered concentrations of tetracycline.
This is shown on OPLS-DA scores plot urinary data (Fig. 2B and
D). The urine OPLS-DA score plots consistently showcased
tetracycline-treated groups as clustering away from controls. In
bolites detected by S-plot and VIP plot analysis (see Fig. S1 ESI) of 1D 1H
g kg�1 tetracycline. Refer to method section for Experimental details.
. Doublet (d), triplet (t) and multiplet (m)

alue

62.5 mg kg�1 125 mg kg�1

Fold change VIP Fold change VIP

16 0.904 — 3.209 2.275
11 0.926 — 1.480 2.279
16 0.924 1.377 0.868 1.206

RSC Adv., 2020, 10, 41047–41057 | 41051

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra06577c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/2
1/

20
25

 1
0:

35
:3

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
addition, urine OPLS-DA scores plot showed that the 125 mg
kg�1 tetracycline-treated group clustered away from the 62.5 mg
kg�1 tetracycline-treated group (Fig. 2F). The parameters (R2X,
Q2) for eachmodel indicated satisfactory goodness of prediction
and goodness of t (Fig. S1 ESI† and Table 1). The pattern
Fig. 3 Principal component analysis (PCA) urine samples acquired by ES
and (F) ESI� PCA scores plot of urine, (B and C) ESI+ and (G and H) E
permutation test plots (200 permutations) for control vs. 62.5 mg kg�1 (R
0.86). Control samples (n ¼ 5) are represented by red circles, 62.5 mg kg
kg�1 (n ¼ 5) are represented by dark blue squares.

41052 | RSC Adv., 2020, 10, 41047–41057
differences correlate with steatosis severity as judged by Fig. 1
data and highlights that there is a clear distinction of a pattern
difference at the lower dose level (62.5 mg kg�1) when histo-
logical examination and TAG analysis were unable to show any
differences. S-Plot and variable importance in the projection
I-LC-MS showing clustering based on differential treatments. (A) ESI+
SI� OPLS-DA scores plot of urine, (D and E) ESI+ and (I and J) ESI�
2 0.0, 0.99;Q2 0.0, 0.97), control vs. 125 mg kg�1 (R2 0.0, 0.91;Q2 0.0,
�1 (n ¼ 5) samples are represented by light blue diamonds and 125 mg

This journal is © The Royal Society of Chemistry 2020
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Table 2 Filtered list of metabolites detected by ESI-LC-MS/MS from urine of rats. Rats treated with either 62.5 mg kg�1 (n ¼ 5) or 125 mg kg�1 (n
¼ 5) tetracycline. Refer to methods for Experimental details

m/z Mass
Identied
metabolite Formula

Theoretical
mass Dppm RT (min) P-Value

62.5 mg kg�1 125 mg kg�1

Fold
change VIP

Fold
change VIP

116.071 115.06 Proline C5H9NO2 115.063 4 1.808 0.026 4.684 3.66 2.966 2.95
269.088 268.08 Inosine C10H12N4O5 268.081 1 2.237 0.005 0.161 0.97 0.338 0.28
126.021 125.01 Taurine C2H7NO3S 125.014 2 3.279 0.002 0.085 1.99 0.137 2.11
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(VIP) value plot (Table S1 ESI†) were then examined with VIP
scores larger than 1.0 selected. The VIP plot ranks the important
variables from the OPLS-DA scores plot.46 Chemical shis and
peak multiplicities were assigned by analysing the urine 1H
NMR spectra. Metabolites were then identied using informa-
tion of peaks from human metabolome database (HMDB) and
previously published publications, then further conrmed by
correlations found in 2D 1H–1H TOCSY NMR spectra. The
presence of three urinary metabolites varied signicantly (p <
0.05) between control and treated groups (Table 1). There were
however many other statistically signicant metabolites that
remained unidentied partly due to peak overlap and low
concentrations (Table S2 ESI†). Some of the chemical shis of
the identied metabolites were conrmed using 2D 1H–1H
TOSCY NMR spectroscopy (Fig. S2 ESI†).

Two statistically signicant urinary metabolites that were
detected by 1H NMR increased aer tetracycline treatment of
rats with 125 mg kg�1: hippurate � 220.9 and citrate � 48.0%.
In addition, lysine decreased by �7.6% and �13.2% aer
tetracycline treatment of rats with 62.5 mg kg�1 and 125 mg
kg�1, respectively. Relationships between altered metabolic
proles and associated biological pathways were identied
using the KEGG pathway database and HMDB (Table 3). The
identied altered pathways include changes in TCA cycle,
phenylalanine and the amino acid metabolism pathway.

LC-MS/MS based metabolomics analysis and metabolite
identication

Urine sample metabolic proles were also obtained using LC-
ESI-LC-MS in both positive and negative ion scan modes.
Table 3 Summary of potential metabolites and their associated
metabolic pathways detected by 1H NMR and LC-ESI-MS/MS of urine
from tetracycline treated rats

Pathways Metabolite Detection

TCA cycle Citrate NMR
Phenylalanine metabolism Hippurate NMR
Gut metabolism Xanthurenic acid LC-MS/MS
Lysine degradation Lysine NMR
Taurine and hypotaurine
metabolism

Taurine NMR

Purine metabolism Inosine LC-MS/MS
Arginine and proline metabolism
Arginine and proline metabolism Proline LC-MS/MS

This journal is © The Royal Society of Chemistry 2020
According to the ESI-LC-MS PCA scores plot (Fig. 3A and F), both
62.5 mg kg�1 and 125 mg kg�1 tetracycline-treated rats grouped
away from control in both the positive and negative ion modes.
Urine samples in ESI� and ESI+, the 62.5 mg kg�1 and 125 mg
kg�1 tetracycline-treated groups (Fig. 3B, C, G and H) were
clustered separately away. Distinct separation of the urinary
samples from both tetracycline doses were observed. This
supports the pattern differences seen between tetracycline
doses in 1H NMR (Fig. 2). This highlights that there is a clear
distinction of metabolite pattern difference between controls
and the lower tetracycline dose level (62.5 mg kg�1) when
histological examination and TAG analysis were unable to show
any differences. Analysis by ESI-LC-MS/MS showed that the
presence of three urinary metabolites varied signicantly (p <
0.05) between control and treated groups (Table 2). Structures of
the detected metabolites were determined by MS/MS fragmen-
tation (Fig. S3 ESI†), accurate mass, together with isotope ratio
and isotope abundance.47 METLIN, competitive fragmentation
modelling for metabolite identication (CFM-ID), and Mass-
Hunter databases, were then used to conrm plausible
biomarkers. Urinary metabolite detected by ESI-LC-MS/MS to
have increased aer tetracycline treatment of 62.5 mg kg�1 and
125mg kg�1 was proline� 368.4.2% and�196.6%, respectively.
Two urine metabolites instead decreased aer tetracycline
treatment of 62.5 mg kg�1 and 125 mg kg�1: taurine � 91.5%
and �86.3% and inosine �83.9% and �66.2%, respectively.
Adenosine, guanine and xanthurenic acid were also detected via
ESI-LC-MS/MS (Fig. S3 ESI†). Xanthurenic acid was found to be
increased aer tetracycline treatment of 62.5 mg kg�1 and
125 mg kg�1 by �13.0% and �23.5%, respectively. Although,
this metabolite was not statistically signicant it should be
noted that xanthurenic acid concentration correlated with liver
damage as tetracycline dose concentration increased. The
concentrations of metabolites, adenosine and guanine, were
unable to be calculated. Relationships between altered meta-
bolic proles and associated biological pathways were identi-
ed using the KEGG pathway database and HMDB (Table 3).
The identied altered pathways include changes in purine,
amino acid and gut metabolism pathway.

Discussion

Our study observes that metabolic proling can distinguish
between impending steatosis and liver damage better than
histopathology and biochemical measurement of triglyceride
RSC Adv., 2020, 10, 41047–41057 | 41053
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which both require a biopsy. Urine metabolomics was con-
ducted using a combination of analytical techniques to evaluate
changes in metabolite levels. Metabolites were analysed in
urine from tetracycline treated rats that have shown via both
histopathology and triglyceride analysis to produce different
severity of liver steatotic pathogenesis.38,48–50 Using both 1H-
NMR spectroscopy and ESI-LC-MS/MS spectrometry, show-
cased distinct metabolomic differences between control and
62.5 mg kg�1 and 125 mg kg�1 tetracycline-treated rats. Whilst
spectral data analysis by these two techniques identied
metabolites, with some differences that are unavoidable due to
the different levels of detection and principles of identication
applied by 1H-NMR and ESI-LC-MS/MS. Therefore, integration
of results obtained by both platforms maximised the ability to
detect metabolites with different concentrations in control and
treated samples.

Previous studies demonstrated the steatogenic effect of
tetracycline in decreasing mitochondrial b-oxidation of fatty
acids,21,24–27,31,51 altering the expression of genes related to lipid
metabolism, which downstream elevates cholesterol and
triglyceride biosynthetic activity.24,27,52,53 In this current study,
there is no evidence from this data for an increase in TAG
synthesis. However, it can be proposed that the redirection of
fatty acids to TAG synthesis is the result of these inhibitory
actions as part of the mechanism of tetracycline induced stea-
tosis shown by higher liver TAG content in the hepatic cells of
the 125 mg kg�1 tetracycline treated rats via oil red staining.

Through 1H NMR spectroscopy, results from our study
highlight increased hippurate and citrate levels in the 125 mg
kg�1 tetracycline treated rats. Hippurate, is the product of
benzoate conjugation with glycine in the liver ready for excre-
tion in urine and is an ATP-dependent reaction54–56 and asso-
ciated with gut metabolism.57,58 Hippurate has been reported as
an indicator of hepatic damage or alteration to liver function as
urinary hippurate was observed to be decreased aer animals
received three different steatogenic compounds.19,56,59 Hippu-
rate could potentially be a biomarker, however, further inves-
tigation is required.

Another mechanism whereby steatosis occurs involves
carnitine, an amino acid derived from the substrate lysine, used
as a transport shuttle for free fatty acids into the mitochondria.
Tetracycline is known to reduce expression levels of carnitine
acyl transferase 1 (CAT1).19 CAT1 is the enzyme responsible for
the acylation of carnitine in mitochondrial fatty acid transport,
and reduced expression of CAT1 consequently leads to
a reduction in b-oxidation.19 Furthermore, studies examining
the effects of lysine-decient diets induced by different drugs,
report the reduction of lysine as a contributing factor in the
development of steatosis.60 Our tetracycline treated rats
featured a decrease in lysine and an increase in proline. We
conclude that in this study although tetracycline affects the
lysine and proline pathways, further investigation is required to
understand the connection with steatosis.

The amino acid taurine attenuates the development of
steatosis, by inhibiting oxidative stress through action as an
antioxidant.49,61 In vitro and in vivo studies fromMurakami et al.
(2018) indirectly support this, reporting supplementation with
41054 | RSC Adv., 2020, 10, 41047–41057
taurine as lessening lipid accumulation by inhibiting oxidative
stress. A decrease of taurine concentrations was also observed
in another steatogenic drug, sodium valproate, which could be
an important metabolite to investigate in future studies of
steatogenic induced liver disease.20 Similarly, data from our 1H
NMR and ESI-LC-MS/MS illustrates an overall decrease in
taurine suggesting either a decrease in the production of
taurine62 or being spared from excretion as it is used as an
antioxidant in response to tetracycline, which both potentially
contribute to development of steatosis. In this current study, it
can be proposed that reduced taurine levels therefore are
reective of a damaged liver or used as an antioxidant where
lipids cause oxidative stress by undergoing peroxidation which
then leads to the production of reactive oxygen species (ROS).54

Asha et al. (2007) details the instability of ROS and their
propensity to react with lipids, proteins, DNA and other cellular
macromolecules. Data from our ESI-LC-MS/MS reveals an
intermediate from the purine metabolic pathway in our tetra-
cycline treated rats, showing a decrease in urinary inosine.
Adenosine and guanine were also identied by ESI-LC-MS/MS.
Therefore, these results are suggestive of reactions between
ROS and DNA, causing the alterations in purine metabolism,
although, further investigation is required to understand the
connection with steatosis.

This study has both strengths and limitations. We acknowl-
edge that our sample size is small, although adequate for proving
our objectives. Despite being underpowered, our pilot study in fact
supports changes in biochemical pathways which, according to
multiple previous studies, are understood to result from
tetracycline-induced steatosis. This study, therefore, serves as
a platform for further studies to validate not only the potential
biomarkers presented here but also the novelndings we propose.

Conclusion

In the livers of rats treated with 125 mg kg�1 tetracycline H&E
stained photomicrographs revealed changes in the lobular
architecture, whilst rats treated with a lower dose (62.5 mg kg�1)
displayed architecture similar those of control animals. Inter-
estingly, data from our 1H NMR and ESI-LC-MS/MS was able to
distinguishing between controls, low dose and high dose
treated animals. H&E and ORO stained photomicrographs and
even biochemical measurements of liver triacylglycerol content
instead failed to produce similar outcomes. Results therefore
show that coupling the highly quantitative and reproducible
nature of 1H NMR with the high specicity and sensitivity of
ESI-LC-MS/MS based metabolomics, to perform urine analysis,
ultimately offers a more comprehensive understanding of the
underlying physiological pathways known to be altered by
tetracycline. Our study, in fact, demonstrates that metab-
olomics can detect changes in the urine metabolome prior to
observable changes in liver morphology.

Collectively, integration of 1H NMR and ESI-LC-MS/MS based
metabolomics identied a number of putative biomarkers and
metabolic pathways that appear to be associated with steatotic
development induced by tetracycline. Data analysis using 1H
NMR revealed complementary and distinct metabolites
This journal is © The Royal Society of Chemistry 2020
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corroborated by ESI-LC-MS/MS. We identied lysine as possible
liver specic biomarkers, since the concentration correlated
with the increase in dosing from 62.5 mg kg�1 to 125 mg kg�1,
which indicates correlation with the extent of liver damage.
Although exact alterations to the metabolic pathways observed
were difficult to identify, the data highlighted how impairments
in several metabolic pathways may ultimately contribute to the
complexity of the disease. Whilst inosine was observed to
change, further investigation is required to understand the
connection with steatosis.

Given these results, the combination of 1H NMR and ESI-LC-
MS/MS provided a suitable platform for studying the patho-
genesis of steatosis in conditions where tissue staining tech-
niques are inadequate. Although results from this investigation
are produced from a small sample size, the ndings we present
build upon previously discovered knowledge and are therefore
supported by various preceding studies. Results from this
investigation can hence be used as a pilot study laying the
foundation for future investigation of other steatogenic-specic
biomarkers, for early clinical disease prediction or diagnosis.
This information holds much promise towards the use of
metabolomics as a less-invasive tool for earlier detection of
steatosis, compared to detection by liver biopsy.
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