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Abstract
Metabolic disorders, such as type 2 diabetes and atherosclerosis form
a cluster of different conditions caused and mediated by complex
multi-molecular interactions. The presence of metabolic syndrome
(MetS) is reported to predispose an individual to drug-induced
liver injury (DILI), from drugs such as acetaminophen, halothane,
statin. However, the molecular mechanisms behind this are not
yet understood. We have previously reported on the development
of a cellular dynamic systems model of integrated carbohydrate,
glutathione and fat metabolism in the rat liver. We have now
modified the network with altered signaling and flux distributions
of processes involved in carbohydrate and fat metabolism to create
the liver physiology observed in metabolic syndrome. Triglyceride
content in MetS liver is predicted to be 3- fold higher than normal
individual. Our aim is to compare the impact of known drugs
in the normal and metabolic syndrome liver by computationally
perturbing appropriate processes, representing the effect of a drug
to varying degrees. We have observed that a set of perturbations
seemed to make the MetS liver more susceptible to certain forms of
DILI. TMX treatment is predicted to increase cellular triglyceride
by 6-fold in MetS individual. From this observation we generated
a set of hypotheses for increased susceptibility to DILI under
the influence of metabolic syndrome that can subsequently be
experimentally proved. Thus, our approach allows one to identify
susceptible patient groups in metabolic syndrome along with drug
targets leading to an increased risk for DILI.
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Introduction
The incidence of metabolic syndrome (MetS) in the developed world
has been increasing over the last 10-15 years [1]. The Third Report
of National Cholesterol Education Program (Adult Treatment
Panel III; ATPIII) provides a working definition of MetS, a complex
multifactorial disease, [2] based on a combination of 5 categorical
risk factors: central obesity, hypertension, hypertriglyceridemia
low levels of HDL cholesterol, and hyperglycemia. The processes
that lead to MetS have not been clearly understood at a molecular
level. It has been envisaged in published literature that dysfunctions
Int J Drug Disc, an open access journal

in processes in hepatic fat and carbohydrate metabolism can
culminate in MetS. The dysfunction can result from either altered
nutritional states (environmental effect) or differences in genetic
susceptibility leading to the five risk factors that are hallmarks of
MetS.
The liver is the major organ involved in fat and carbohydrate
metabolisms. Precursor elements from an individual’s diet enter
the liver from the intestine in the form of either free fatty acids
or chylomicrons. After being metabolized inside the liver, fat and
cholesterol are transported into the circulation as lipoproteins.
Lipoprotein turnover by the respective plasma lipases forms the
fat precursors delivered to various peripheral tissues including the
liver. Dietary carbohydrate enters the liver in the form of precursor
molecules such as glucose and fructose. Carbohydrate is stored in
the form of glycogen (glycogenesis) and fat is stored in the form of
triglyceride (TG) inside the liver. During starvation or any other
adverse condition blocking glucose entry into the system, the
liver supplies glucose to the whole body by glycogen break down
(glycogenolysis) and by gluconeogenesis.
The liver is the primary organ dealing with xenobiotic load in the
body. Any foreign chemical is metabolized in the liver primarily
by a family of cytochrome P450 enzymes and made ready for
excretion. As a result of this metabolism, it is the primary organ
affected by drug or drug-metabolite mediated toxicity [3,4]. DILI
prediction is still a major challenge for the pharmaceutical industry
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making it a major cause of drug withdrawal from the market.
Among the three major forms of DILI, namely cholestasis, steatosis
and cytotoxicity, steatosis resembles the MetS phenotype due to the
abnormal processing of hepatic fat and carbohydrate leading to TG
accumulation and fatty liver formation. Many processes linked to
altered lipid metabolism are associated with the MetS condition,
like cardiovascular disease, obesity and insulin resistance [5].
Hence, an increasing concern is whether MetS individuals are
more prone to some forms of DILI compared to normal individuals
[6]. Published literature reports the association of liver toxicity
induced by drugs like tamoxifen (TMX) [7], halothane [8,9],
acetaminophen [10,11] with obesity. An integrated analysis of fat
and carbohydrate metabolism may offer a better understanding of
the nature of compounds as well as their targets in causing steatosis
in normal and MetS individuals.
We have studied the drug-induced hepatotoxicity problem, by
analyzing perturbations of the metabolic network in the liver
mathematically. The model network encompasses fat, carbohydrate,
glutathione and bile acid metabolism. We have previously described
the ability of the model to predict experimentally observed DILI
[12]. In the present study we have extended the model to describe
the altered homeostasis of the liver under metabolic syndrome.
We have simulated the impact of drugs on the normal and MetS
livers and compared our predictions with experimental outcomes.
We have also been able to predict that the liver under metabolic
syndrome is more prone to drug-induced steatosis compared to
a normal liver. Simulations also led us to develop hypotheses for
types of idiosyncratic toxicity that may be observed in a MetS
individual.

Methods and Model

Page 2 of 7

processes like cholesterol metabolism, TG metabolism, VLDL
assembly and secretion into the plasma, plasma lipoprotein
turnover (VLDL, LDL and HDL) are modeled as well in the present
version (Figure 1).
For each of the metabolites associated with the processes described
in Figure 1, we created differential equations that quantitatively
describe their rates of formation and consumption. We then
linked them to the earlier model to create a more advanced version
including additional features of liver biology.
Converting A Normal Liver To Represent MetS:
JCR:LA-corpulent rat is the experimental model that is typically
used to study the altered biology behind metabolic syndrome [13,
14].
In this animal model, the following processes have been observed
to be altered:
• Transporter mediated fatty acid uptake by liver [15]
• De novo lipogenesis [16,17]
• Turnover of plasma lipoproteins [18]
• Re-uptake of plasma lipoprotein by liver [18]
• Pentose phosphate pathway [19]
• Oxidative phosphorylation and oxidative stress [20-22]
Based on the above-mentioned observations, we altered the
respective processes in our homeostasis model. These changes
were implemented by altering enzyme activity levels as shown in
Table 1 to bring about the corresponding changes in the observed
processes.

Software
The model building and simulations were executed using the
software tool Syngene SysBioTM.
Model Structure
The aim of this study is to create a version of the model that enables
us to represent the phenotype of the liver (in the context of key
metabolites relevant to the present study) observed in metabolic
syndrome and use this adapted version to characterize the impact
of drugs on the liver in MetS individuals. To do so, we modify the
existing liver model that represents basal homeostasis to represent
qualitative and quantitative phenotypic changes observed in MetS.
This is followed by simulations to represent the effect of drugs in
both the normal and metabolic syndrome model and comparing
the results. Finally, we have generated hypotheses that may explain
forms of idiosyncratic toxicity observed in MetS individuals.
Model Description
A detailed description of the normal liver model including the
differential equations and the associated parameter values is
provided in our earlier publication [12]. In addition to glycolysis,
gluconeogenesis, TCA cycle, oxidative phosphorylation (partially),
de novo lipogenesis, esterification and betaoxidation of fatty acids
that were part of the earlier version of the model, some additional
Int J Drug Disc, an open access journal

Figure1: Biological processes connected quantitatively in the metabolic
network in silico.
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Simulations were performed using the altered parameter values to
generate a new homeostasis that represents the liver metabolism in
metabolic syndrome. Simulated concentration of key metabolites
and processes were compared with literature observations.
Mimicking the Effect of Tamoxifen:
We represented the biological effects of tamoxifen in the liver
[7,23,24] by the alterations in the enzymes fluxes listed in Table 2.
The impact of tamoxifen on the alterations of key metabolites is
presented in the results section.
Idiosyncratic DILI in MetS:
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metabolism of fat and carbohydrate in the liver [7,23,34].
We have simulated the effect of TMX on the normal and MetS liver
using the altered parameter values listed in Table 2. Figures 2 and
3 show the results of these simulations. Our simulations predict
that TMX causes approximately a 6-fold increase in intracellular
TG in MetS individuals compared to ~2- fold increase in normal
(Figure 2). The abnormal fat metabolism leading to enhanced TG
formation in MetS individuals is exacerbated by the inhibition of
TG secretion by TMX (Figure 3). The combination of increased
production and reduced secretion leads to accumulation of TG in
the liver for MetS individuals due to TMX treatment.

Alterations in mitochondrial function are predicted to be associated with susceptibility to idiosyncratic DILI [25]. Idiosyncratic
abnormalities in the expression of superoxide dismutase (SOD) are
linked to hepatotoxicity induced by the antidiabetic drug troglitazone [26-28]. Idiosyncratic toxicity associated with reduced expression of complex I has been reported for many diseases [29,30].
As a case study of idiosyncrasy, we have selected complex I of the
electron transport chain as a target and reduced its activity over a
range (starting with normal [0%] to 50% inhibition) to simulate
varying drug effects on complex I efficiency leading to differing
outcomes of mitochondrial damage. The effect of perturbed
complex I activity has been simulated in the background of both
the normal liver as well as the MetS liver. The impact on cytotoxicity
is compared between the normal and the MetS individual and
assessments are made on the propensity of the normal versus the
MetS individual to mitochondrial mediated cytotoxic damage.

Results

Figure 2: Simulated TG level due to TMX treatment in normal and MetS
individual.

The Liver Phenotype Under Metabolic Syndrome
Table 3 compares the model-simulated changes in the TG
metabolism under MetS condition with experimental observations.
The model-simulated homeostatic value for cellular TG under
MetS compares well with what has been reported in the literature
[16,31]. Simulations predict approximately a three-fold increase in
cellular TG under MetS condition, which is similar to what has
been observed experimentally [16]. Our predictions indicate that
extracellular accumulation of fatty acids (high plasma fatty acid
concentration) under metabolic syndrome can be attributed to
enhanced intrahepatic TG content partially and eventually to the
enhanced rate of TG secretion via VLDL. The model-simulated
increase in TG secretion also correlates well with experimental
evidence [31]. Increased TG synthesized by the hepatocytes due
to the abnormal fat metabolism associated with MetS did not only
accumulate inside the cell but was also secreted out in the form of
VLDL.
Simulations to Predict Susceptibility to DILI:
Case Study I – Effect Of Tamoxifen: Anticancer drug tamoxifen
(TMX) treatment is associated with increased risk of developing
fatty liver [32,33]. Our model simulation suggests a possible
mechanism behind the enhanced risk of TMX induced fatty liver
on overweight and obese animals with metabolic syndrome. TMX
is reported to alter many enzymes (listed in Table 2) involved in the
Int J Drug Disc, an open access journal

Figure 3: Simulation predicted reduction in VLDL-TG secretion from MetS
liver when treated with TMX.

Case Study II – The Role Of Mitochondria In Idiosyncratic DILI:
Mitochondria are commonly involved in the toxicity of many drugs
and xenobiotics. It has been estimated that more than 50 million
adults in the US suffer from mitochondrial dysfunction induced
disease [25]. One of the causes of cytotoxic liver damage can be
attributed to drug-induced inhibition of mitochondrial function
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leading to cellular ATP depletion. Reduced complex I activity can
enhance depletion of cellular ATP when the mitochondria become
a toxic drug target leading to necrotic cell death. Individuals
with an inherently compromised complex I activity may be more
susceptible to drugs that target mitochondrial functions [25].
Due to the inhibition of oxidative phosphorylation, disruption in
mitochondrial ATP generation appears to be a common cause of
lethal cytotoxic cell injury [35]. In the MetS liver, complex I activity
is already compromised (Table 1). Simulations (Figure 4) show
that the extent of cytotoxic damage due to mitochondrial complex
I inhibition (by the same magnitude) is more pronounced for a
MetS liver than a normal liver in causing depletion of cellular ATP.
While a 50% inhibition in complex I activity in normal individuals
leads to only a 7% change in intracellular ATP, under MetS condition,
the reduction in ATP level is >75% (Figure 4). This implies that the
impact of ATP depletion and the associated cytotoxic damage is
more pronounced for a liver under metabolic syndrome. Cytotoxic
damage due to ATP depletion is predicted to be ~7 fold higher for
MetS liver and largely unchanged for a normal liver.

Discussion
The aim of the present study is to develop a generalized predictive
platform to understand the intracellular mechanisms that drive the
phenotype of a complex disease, such as MetS, and how a diseased

Figure 4: Reduction in cellular ATP content is more pronounced in MetS
individual when mitochondrial function is perturbed due to secondary
insult.

background may have an impact on DILI predisposition.
Towards this end we have developed an in silico model of liver
metabolism that allows researchers to perform testing using bio
simulations. We started from our model of normal liver function
[12] and then altered the fluxes in processes known to be affected
(Table 1) in MetS to create a disease-specific model. The model-

Table 1: List of altered parameters to represent liver in metabolic syndrome
Flux/ metabolite changed

Altered parameter in the model

Fold change of altered parameter

Plasma fatty acid uptake rate

Vmax of the fatty acid uptake transporter CD36

2

Glucose uptake rate

Vmax of the glucose uptake transporter GLUT 2

1.4

Rate of ApoB synthesis

Rate constant

1.5

VLDL turnover to LDL

Rate constant

0.5

VLDL cholesterol uptake

Rate constant of the cholesterol uptake transporter pres0.5
ent on cell surface

AcetylCoA carboxylase (ACC)

Vmax

1.5

Diacylglycerol acyltransferase (DGAT)

Vmax

1.5

Diacylglycerol cholinephosphotransferase (DCPT) Vmax

0.5

CTP: phosphoethanolamine cytidylyltransferase
Vmax
(EDT)

0.5

Glucose-6-phosphate dehydrogenase (G6PDH)

Vmax

0.5

Glyceraldehyde-3-phosphate
(GPDH)

Vmax

0.5

Concentration of complex I

0.6

dehydrogenase

Complex 1 of ETC (electron transport chain)
Reactive oxygen species (ROS) production

Vmax

1.5

Glutathione reductase (GR)

Vmax

1.5

Microsomal triglyceride transfer protein (MTTP)

Vmax

1.5

Fatty acyl synthase (FAS)

Vmax

1.5

Glycerol-3- phosphate acyltransferase (GPAT)

Vmax

1.5

Plasma glucose

Concentration

1.25

Plasma palmitate

Concentration

5
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Table 2: List of altered parameters to mimic effect of tamoxifen
Flux

Altered parameter

Fold change to mimic tamoxifen treatment

LDL- receptor activity

Vmax of LDL uptake receptor

1.5

AcetylCoA carboxylase (ACC)

Vmax

0.5

Diacylglycerol acyltransferase (DGAT)

Vmax

2.0

Microsomal triglyceride transfer protein (MTTP)

Vmax

0.5

Fatty acyl synthase (FAS)

Vmax

0.6

Table 3: Differences in homeostasis in the normal and MetS liver
Metabolites/fluxes

Simulated value

Experimental value

Change in cellular triglyceride (MetS/Normal)

3.25

3.0

Change in rate of triglyceride secretion (MetS/Normal)

~3

3-4

simulated intracellular metabolite concentrations for the normal
and MetS liver are very similar to the reported experimental
observations [7]. Our simulations indicate that an obese
individual with MetS phenotype is more prone to suffer TMXinduced steatosis compared to a non-MetS counterpart. This is in
concordance with clinical observations that obese cancer patients
treated with TMX tend to develop steatosis at a faster rate [23].
Model simulations also reveal that reduced TG secretion due to the
presence of TMX compared with the increased influx of plasma
fatty acids and de novo lipogenesis in MetS individuals lead to a
large increase in intracellular TG in these individuals compared
with normal.
Our liver model has been used to hypothesize that there may be
forms of DILI idiosyncratic for MetS individuals alone. Hence, this
type of systems model can be used to predict the involvement of
associated idiosyncratic aberrations as well. While we have focused
on MetS in this study, other complex diseases like cardiovascular
diseases, diabetes, NASH (non-alcoholic steatohepatitis) and how
they impact DILI can also be understood using a systems modeling
approach. In this context, expert opinion made by Teschke et.al
[36] based on available case reports clarifies that pre-existing and
non-cirrhotic chronic liver diseases may make the liver prone to
DILI by some but not all drugs. Due to the unavailability of a gold
standard as clinical diagnostic marker for DILI assessment, the
use of RUCAM, the Roussel Uclaf Causality Assessment Method,
is advised to diagnose an individual’s DILI [37].
The conventional animal model for MetS is corpulent (JCR:LAcp) rat [13,38], which is studied either at the whole animal level or
in vitro with hepatocytes derived from the diseased animal. There
are several drawbacks behind these conventional approaches,
including (1) difficulties in direct extrapolation of results, and
(2) long and involved experimentation etc; in addition, lack of
mechanistic insight making the understanding of idiosyncratic
toxicity difficult if not infeasible.
Figure 4 shows a simulation representing the impact of a drug
that affects mitochondrial complex I in normal and MetS patients.
It has been observed that a 30-40% inhibition of complex I in
Int J Drug Disc, an open access journal

the MetS individual leads to more severe cytotoxic cell death
associated with profound ATP depletion when compared with
normal counterparts. It can be hypothesized that a patient whose
mitochondria are compromised to begin with [39], have a greater
potential for necrotic DILI when they also have a concomitant
MetS condition. Thus, our computational approach allows one to
test multifactorial combinations of effects, genetic variations, drug
(environmental) insults and physiological status to understand the
molecular basis of drug-induced liver injury.
Our systems model, with its mechanistic description of metabolic
fluxes, allows us to simulate the response of the liver metabolic
network to changes of environmental conditions (drugs) - and
cellular processes, e.g. altered gene expression. We started with a
normal liver and re-parameterized it to create one representing
MetS. This approach is general enough to apply to other individual
level changes representing hypotheses for idiosyncratic behavior or
system level changes representing altered states of disease or health
(such as diabetes). Since each biosimulation provides mechanistic
insights, it is possible to use such simulations to design experiments
to verify biological hypotheses. For example, possible involvement
of mitochondria in idiosyncratic DILI has been demonstrated by
the model. Targeted experiments can now be designed to verify
whether such a mechanism is responsible for a subpopulation of
idiosyncratic responders, segregated based on various features
of the idiosyncratic response, such as liver enzyme levels, VLDL
levels, etc.
This approach can be considered extremely useful to reduce animal
experimentation. Over 100 million animals are used every year in
laboratory experiments worldwide Alternatives to animal use are
being considered actively in many centers [40]. However, there
is an inherent challenge in how to translate their results to the in
vivo situation. In addition, toxicity responses in animals may only
poorly correlate to the human organism. Our approach provides an
alternative that is less time consuming and allows one to integrate
information and insights from laboratory experimentation, both
in vitro and in vivo to predict toxicity and ascertain a mechanistic
assessment of risk.
Volume1; Issue 1; 001

Citation: Sonali Das, Rajeev Kumar, Sowmya Raghavan and Kalyanasundaram Subramanian (2017) An in silico Approach to Predict
Susceptibility to DILI in Metabolic Syndrome: An Alternative to Animal Experiments. Int J Drug Disc 1: 001.

Funding
This work was supported by Strand Life Sciences Pvt. Ltd. Platform
validation was partially funded by the SPREAD Programme from
the World Bank.

References
1. Cornier MA, Dabelea D, Hernandez TL, Lindstrom RC, Steig AJ, et al.
(2008) The metabolic syndrome. Endocr Rev 29(7): 777-822.

Page 6 of 7

15. Hajri T, Abumrad NA (2002) Fatty acid transport across membranes:
relevance to nutrition and metabolic pathology. Annu Rev Nutr 22:
383-415.
16. Atkinson LL, Kelly SE, Russell JC, Tana JB, Lopaschuk GD (2002) MEDICA 16 inhibits hepatic acetyl-CoA carboxylase and reduces plasma
triacylglycerol levels in insulin-resistant JCR: LA-cp rats. Diabetes
51(5): 1548-1555.
17. Diraison F, Moulin P, Beylot M (2003) Contribution of hepatic de novo
lipogenesis and reesterification of plasma non esterified fatty acids to
plasma triglyceride synthesis during non-alcoholic fatty liver disease.
Diabetes Metab 29(5): 478-485.

2. Expert Panel on Detection E, Treatment of High Blood Cholesterol
in A (2001) Executive Summary of The Third Report of The National
Cholesterol Education Program (NCEP) Expert Panel on Detection,
Evaluation, And Treatment of High Blood Cholesterol In Adults (Adult
Treatment Panel III). JAMA 285(19): 2486-2497.

18. Ginsberg HN, Zhang YL, Ono AH (2005) Regulation of plasma triglycerides in insulin resistance and diabetes. Arch Med Res 36(3): 232-240.

3. Dahlin DC, Miwa GT, Lu AY, Nelson SD (1984) N-acetyl-p-benzoquinone imine: a cytochrome P-450-mediated oxidation product of acetaminophen. Proc Natl Acad Sci USA 81(5): 1327-1331.

19. Rolo AP, Palmeira CM (2006) Diabetes and mitochondrial function:
role of hyperglycemia and oxidative stress. Toxicol Appl Pharmacol
212(2): 167-178.

4. Lechon GMJ, Ponsoda X, Connor OE, Donato T, Castell JV, et al.
(2003) Diclofenac induces apoptosis in hepatocytes by alteration of
mitochondrial function and generation of ROS. Biochem. Pharmacol
66(11): 2155-2167.

20. Ferreira FML, Palmeira CM, Matos MJ, Seiça R, Santos MS, (1999)
Decreased susceptibility to lipid peroxidation of Goto-Kakizaki rats:
relationship to mitochondrial antioxidant capacity. Life Sci 65(10):
1013-1025.

5. Meshkani R, Adeli K (2009) Hepatic insulin resistance, metabolic syndrome and cardiovascular disease. Clin Biochem 42(13-14): 13311346.

21. Kelley DE, He J, Menshikova EV, Ritov VB (2002) Dysfunction of mitochondria in human skeletal muscle in type 2 diabetes. Diabetes
51(10): 2944-2950.

6. Tarantino G, Conca P, Basile V, Gentile A, Capone D, et al. (2007) A
prospective study of acute drug-induced liver injury in patients suffering from non-alcoholic fatty liver disease. Hepatol Res 37(6): 410-415.

22. Pessayre D, Fromenty B, Mansouri A (2004) Mitochondrial injury in
steatohepatitis. Eur J Gastroenterol Hepatol 16(11): 1095-1105.

7. Lelliott CJ, López M, Curtis RK, Parker N, Laudes M, et al. (2005). Transcript and metabolite analysis of the effects of tamoxifen in rat liver
reveals inhibition of fatty acid synthesis in the presence of hepatic
steatosis. FASEB J 19(9): 1108-1119.
8. Bentley JB, Robert W, Vaughan A, Gandolfi J, Cork R C, et al. (1982)
Halothane biotransformation in obese and nonobese patients. Anesthesiology 57(2): 94-97.
9. Ray DC, Drummond GB (1991) Halothane hepatitis. Br J Anaesth
67(1): 84-99.
10. Corcoran GB, Wong BK (1987) Obesity as a risk factor in drug-induced
organ injury: increased liver and kidney damage by acetaminophen in
the obese overfed rat. J Pharmacol Exp Ther 241(3): 921-927.
11. Doi K, Ishida K (2009) Diabetes and hypertriglyceridemia modify the
mode of acetaminophen-induced hepatotoxicity and nephrotoxicity
in rats and mice. J Toxicol Sci 34(1): 1-11.
12. Subramanian K, Raghavan S, Bhat AR, Das S, Bajpai Dikshit J, et al.
(2008) A systems biology based integrative framework to enhance
the predictivity of in vitro methods for drug-induced liver injury. Expert Opin Drug Saf 7(6): 647-662.

23. Gudbrandsen OA, Rost TH, Berge RK (2006) Causes and prevention of
tamoxifen-induced accumulation of triacylglycerol in rat liver. J Lipid
Res 47(10): 2223-2232.
24. Larosche I, Lettéron P, Fromenty B, Vadrot N, Toby A, et al. (2007)
Tamoxifen inhibits topoisomerases, depletes mitochondrial DNA, and
triggers steatosis in mouse liver. J Pharmacol Exp Ther 321(2): 526535.
25. Boelsterli UA, Lim PL (2007) Mitochondrial abnormalities - a link to
idiosyncratic drug hepatotoxicity? Toxicol. Appl Pharmacol 220(1):
92-107.
26. Jia DM, Tabaru A, Nakamura H, Fukumitsu KI, Akiyama T, et al. (2000)
Troglitazone prevents and reverses dyslipidemia, insulin secretory defects, and histologic abnormalities in a rat model of naturally occurring obese diabetes. Metabolism 49(9): 1167-1175.
27. Melov S, Coskun P, Patel M, Tuinstra R, Cottrell B, et al. (1999) Mitochondrial disease in superoxide dismutase 2 mutant mice. Proc Natl
Acad Sci USA 96(3): 846-851.
28. Ong MM, Latchoumycandane C, Boelsterli UA (2007) Troglitazoneinduced hepatic necrosis in an animal model of silent genetic mitochondrial abnormalities. Toxicol Sci 97(1): 205-213.

13. Brindley DN, Russell JC (2002) Animal models of insulin resistance and
cardiovascular disease: some therapeutic approaches using JCR:LAcp rat. Diabetes Obes Metab 4(1): 1-10.

29. Liang LP, Patel M (2004) Mitochondrial oxidative stress and increased
seizure susceptibility in Sod2(-/+) mice. Free Radic Biol Med 36(5):
542-554.

14. Russell JC, Koeslag DG, Amy RM, Dolphin PJ (1989) Plasma lipid secretion and clearance in hyperlipidemic JCR:LA-corpulent rats. Arteriosclerosis 9(6): 869-876.

30. Triepels RH, Van Den Heuvel LP, Trijbels JM, Smeitink JA (2001) Respiratory chain complex I deficiency. Am J Med Genet 106(1): 37-45.

Int J Drug Disc, an open access journal

31. Vance JE, Russell JC (1990) Hypersecretion of VLDL, but not HDL, by
hepatocytes from the JCR:LA-corpulent rat. J Lipid Res 31(8): 14911501.
Volume1; Issue 1; 001

Citation: Sonali Das, Rajeev Kumar, Sowmya Raghavan and Kalyanasundaram Subramanian (2017) An in silico Approach to Predict
Susceptibility to DILI in Metabolic Syndrome: An Alternative to Animal Experiments. Int J Drug Disc 1: 001.
32. Coskun U, Toruner FB, Gunel N, (2002) Tamoxifen therapy and hepatic
steatosis. Neoplasma 49(1): 61-64.
33. Ogawa Y, Murata Y, Nishioka A, Inomata T, Yoshida, S (1998) Tamoxifeninduced fatty liver in patients with breast cancer. Lancet 351(9104):
725.

Page 7 of 7

37. Teschke R, Danan G (2016) Diagnosis and Management of Drug-Induced Liver Injury (DILI) in Patients with Pre-Existing Liver Disease.
Drug Safety 39(8): 729-744.
38. Russell JC, Graham S, Hameed M (1994) Abnormal insulin and glucose
metabolism in the JCR:LA-corpulent rat. Metabolism 43(5): 538-543.

34. Zhao F, Xie P, Jiang J, Zhang L, An W, et al. (2014) The effect and mechanism of tamoxifen-induced hepatocyte steatosis in vitro. Int J Mol
Sci 15(3): 4019-4030.

39. Griffiths EJ, Rutter GA (2009) Mitochondrial calcium as a key regulator
of mitochondrial ATP production in mammalian cells. Biochim Biophys Acta 1787(11): 1324-1333.

35. Nieminen AL, Saylor AK, Tesfai SA, Herman B, Lemasters JJ (1995) Contribution of the mitochondrial permeability transition to lethal injury
after exposure of hepatocytes to t-butylhydroperoxide. Biochemical
Journal 307(1): 99–106.

40. Ovaskainen AK, Maxwell G, Kreysa J, Barroso J, Adriaens E, et al.
(2012) Report of the EPAA-ECVAM workshop on the validation of Integrated Testing Strategies (ITS). Altern Lab Anim 40(3): 175-181.

36. Teschke R, Danan G (2016) Drug-induced liver injury: Is chronic liver
disease a risk factor and a clinical issue? Expert Opin Drug Metab Toxicol Nov 8:1-14.

Int J Drug Disc, an open access journal

Volume1; Issue 1; 001

