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Abstract

Acetaminophen is a widely prescribed drug used to relieve pain and fever; however, it is a leading cause of drug-induced
liver injury and a burden on public healthcare. In this study, hepatotoxicity in mice post oral dosing of acetaminophen was
investigated using liver and sera samples with Fourier Transform Infrared microspectroscopy. The infrared spectra of
acetaminophen treated livers in BALB/c mice show decrease in glycogen, increase in amounts of cholesteryl esters and DNA
respectively. Rescue experiments using L-methionine demonstrate that depletion in glycogen and increase in DNA are
abrogated with pre-treatment, but not post-treatment, with L-methionine. This indicates that changes in glycogen and DNA
are more sensitive to the rapid depletion of glutathione. Importantly, analysis of sera identified lowering of glycogen and
increase in DNA and chlolesteryl esters earlier than increase in alanine aminotransferase, which is routinely used to diagnose
liver damage. In addition, these changes are also observed in C57BL/6 and Nos22/2 mice. There is no difference in the
kinetics of expression of these three molecules in both strains of mice, the extent of damage is similar and corroborated
with ALT and histological analysis. Quantification of cytokines in sera showed increase upon APAP treatment. Although the
levels of Tnfa and Ifnc in sera are not significantly affected, Nos22/2 mice display lower Il6 but higher Il10 levels during this
acute model of hepatotoxicity. Overall, this study reinforces the growing potential of Fourier Transform Infrared
microspectroscopy as a fast, highly sensitive and label-free technique for non-invasive diagnosis of liver damage. The
combination of Fourier Transform Infrared microspectroscopy and cytokine analysis is a powerful tool to identify multiple
biomarkers, understand differential host responses and evaluate therapeutic regimens during liver damage and, possibly,
other diseases.
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Introduction

Drug-induced hepatotoxicity has been attributed to be the

cause for a major percentage of patient morbidity and mortality.

It is well established that the liver plays an important role in

drug metabolism and is, thus, highly susceptible to drug toxicity.

Acetaminophen (APAP) is an analgesic and antipyretic drug

which is extensively used for therapeutic purposes. The

probability of developing liver injury due to consumption of

APAP as prescribed is low; however, APAP consumption with

alcohol, during fasting and malnutrition for prolonged periods

may trigger hepatotoxicity. Also, accidental and intentional over

dosing of APAP is a cause of major health concern as it is the

main source of acute liver failure in the Western world.

Suspected APAP hepatotoxicity can be effectively treated with

N-acetylcysteine, yet an estimated 500 patients die each year in

the USA [1,2]. Hence, there is a need to better understand,

diagnose and effectively treat cases of APAP-induced hepato-

toxicity.

APAP is readily absorbed by the gastrointestinal tract and

metabolized by three main pathways: glucuronidation, sulfation

and N-hydroxylation and rearrangement. Most of the final

metabolic products of APAP are non-toxic and excreted by the

urine. However, a minor metabolite known as N-acetyl-p-

benzoquinone imine (NAPQI), which is produced due to the

action of the liver cytochrome P450 system, is harmful. Several

human isoforms of the cytochrome P450 enzymes have been

implicated in the bioactivation of APAP and in the generation

of intermediates during APAP metabolism [3]. NAPQI conju-

gates with glutathione (GSH) and is then further metabolized to

form cysteine and mercapturic acid conjugates. However,

overdose of APAP leads to the saturation of the conjugation

pathways and the depletion of GSH induces oxidative stress.

Consequently, NAPQI forms covalent bonds with several

protein and non-protein thiols leading to cell death [4,5].

PLOS ONE | www.plosone.org 1 September 2012 | Volume 7 | Issue 9 | e45521



Several biochemical and cellular changes occur during APAP-

induced liver damage: increase in free radicals, c-Jun N-terminal

Kinase activation, greater mitochondrial dysfunction, nuclear

DNA fragmentation, etc. Due to necrosis, endogenous adjuvants

are released which trigger the release of cytokines and

chemokines [5]. Despite several biochemical and clinical studies,

APAP-induced hepatotoxicity has not been completely under-

stood. Serum alanine aminotransferase (ALT) and/or aspartate

aminotransferase activity are the most frequently used biomark-

ers to detect hepatocellular injury in clinical practice. However,

there is a crucial need for newer techniques which can provide

molecular-level information on functional groups, bonding types,

and conformations to help detect and, possibly, treat liver injury

at early stages.

A variety of imaging modalities are currently used in

medicine such as Magnetic Resonance Imaging, Positron

Electron Tomography, Computed Tomography, optical biolu-

minescence, fluorescence etc [6]. Some of them use X-rays or

c-rays which are destructive to biological samples apart from

the need for sample to be tagged using specific dyes or contrast

agents that can potentially harm the integrity of the sample

under study. Also, a technique like Nuclear Magnetic Reso-

nance needs sample to be homogenized and metabolites isolated

in a specific manner in order to obtain comprehensible results.

The other main limitations encountered by several imaging

techniques are poor sensitivity and resolution [7–9]. Therefore,

it is not easy to find a single technique which meets the need

for high sensitivity and high spatial resolution for specific

applications. Different analytical techniques have been used to

study APAP-induced toxicity, including Nuclear Magnetic

Resonance spectroscopy [10], Mass Spectrometry [11] and

Magnetic Resonance Imaging [12].

Recent advances in imaging applications with different

degrees of sensitivity and resolution are used in medicine and

label free imaging is an emerging technology [8,13]. Fourier

Transform Infrared (FTIR) spectroscopy is one such label free

method, in which infrared radiations interact with matter and

are selectively absorbed by it according to their chemical

composition, thus creating a molecular fingerprint [14]. FTIR

microspectroscopy, a combination of FTIR spectroscopy and

microscopy, is a proven cutting edge technique applied in the

fields of histology, cytology and clinical chemistry to understand

biological processes at the molecular level [15,16]. In addition,

FTIR imaging technique has been used for early diagnosis and

progression of bacterial and fungal infections and for under-

standing the underlying chemical and morphological changes in

tissue samples such as breast and bone nodal tissues [17–19].

During APAP-induced hepatotoxicity, pro-inflammatory cyto-

kines, e.g. Ifnc, are well known to up-regulate nitric oxide synthase

(Nos) 2, resulting in increase in nitric oxide, a key signalling

mediator. Increase in nitro-tyrosine adducts in the hepatic centro-

lobular cells are observed during APAP-induced liver damage.

Also, regulatory circuits control the production of some cytokines

via Nos2. However, reports on the functional roles of Nos2 during

APAP-induced liver damage are inconsistent [20–24]. Studies with

specific inhibitors to Nos showed the role of nitric oxide in APAP

induced hepatotoxicity [20,21]. Interestingly, intra-peritoneal

injection of APAP in Nos22/2 mice showed reduced [22] or

similar [23,24] susceptibility compared to wild type controls. Also,

no difference in liver damage was found in mice lacking Nos2 in a

cadmium model of liver toxicity [25]. Hence it was important to

address the role of Nos2 in our model of APAP-induced

hepatotoxicity with respect to two aspects: functional consequenc-

es and regulation of biomarkers. In the present study, some aspects

of APAP-induced hepatotoxicity were investigated using FTIR

microspectroscopy. Initial experiments were performed using

BALB/c mice and the role of Nos2 during APAP-induced

hepatotoxicity was addressed using C57BL/6 and Nos22/2 mice.

This study focuses on finding novel markers using FTIR imaging

which, coupled with cytokine responses, will be helpful for rapid

diagnosis and better understanding of host responses during liver

damage.

Results

FTIR Spectra Reveal Changes in Liver upon APAP
Treatment

To obtain novel insights in the APAP induced liver injury

process, FTIR spectra were recorded from control and APAP

treated BALB/c mice (6 h) livers. A schematic model repre-

senting the experimental strategies and analysis is shown

(Figure 1). The FTIR spectra (950–3800 cm21) were complex

(Figure S1A) and represented numerous bands arising from the

contribution of different functional groups of macromolecules

[26,27]. The tentative assignments of principle IR bands are

shown in Table 1.

FTIR spectra indicated changes in the region (950–1200 cm21)

(Figure 2A). Control livers exhibited a strong absorption at

1030 cm21 (C–O stretch), 1080 cm21 (PO2
– symmetric stretch)

and 1152 cm21 (CO–O–C asymmetric stretch), arising mostly due

to glycogen. However, these specific absorption bands for glycogen

greatly decreased in APAP treated livers. Also, the ratio of the

band intensities at 966 cm21 (C-O stretch, deoxyribose, C-N+-C

stretch) to 996 cm21 (C-O stretch, ribose) increased in APAP

treated mice livers in comparison to their controls. The band at

1171 cm21, corresponding to CO-O-C asymmetric stretching

vibration of ester bonds in cholesteryl esters (phospholipids and

cholesterol), also increased in APAP treated mice liver in

comparison to their controls.

Bands Corresponding to Glycogen, Cholesteryl Esters and
DNA are Kinetically Regulated upon APAP Treatment

To understand the regulation of above mentioned markers

upon APAP treatment, kinetic experiments were performed.

Glycogen (IR bands at 1030 cm21, 1080 cm21 and 1152 cm21)

decreased in a time dependent manner upon APAP treatment in

liver (Figure 2B and Figure S1C). This decrease was rapid,

significant and occurred as early as 0.5 h and did not recover until

6 h post APAP treatment. Esters of cholesterol and phospholipids

(IR bands 1171 cm21/1152 cm21) increased rapidly by 0.5 h and

were sustained up to 6 h post APAP treatment (Figure 2C). Also,

DNA/RNA ratio (IR band ratio 966 cm21/996 cm21) increased

significantly by 0.5 h, peaking at about 1.5 h and thereafter was

sustained up to 6 h post APAP treatment (Figure 2D). It is

important to highlight here that the FTIR spectral changes

observed (950–1200 cm21) between control and APAP treated

mice were specific to livers and not to other organs, e.g. spleen

(Figure 3).

The changes observed using FTIR correlated well with

biochemical changes that occur quickly with APAP treatment in

liver, i.e. significant drop in total GSH (Figure 4A) and rise in

malonaldehyde amounts (Figure 4B). On the other hand, liver

damage after APAP dosing, as assessed by the increase in amounts

of ALT in sera (Figure 2E) and histological examination of liver

sections (Figure 2F and Figure 4C), occurred at later time points.

Both the biological assays indicated a substantial rise in liver injury

only from 3 h post APAP treatment that peaked with maximum

damage by 6 h.

FTIR Analysis of APAP-Induced Liver Damage

PLOS ONE | www.plosone.org 2 September 2012 | Volume 7 | Issue 9 | e45521



FTIR Analysis of Amelioration of APAP Hepatotoxicity by
L-methionine (L-met)

To delineate the sequence of molecular changes detected by

FTIR, experiments were performed in APAP treated mice with an

antidote, e.g. L-met. Both pre (20.5 h) as well as post (+0.5 h) L-

met treatment of APAP treated mice rescued hepatotoxicity as

revealed by ALT amounts (Figure 5A). FTIR spectra analysis of

livers from these experiments revealed interesting differences

between pre and post L-met treated groups (Figure 5B). L-met pre

treatment, but not post, restored glycogen (Figure 5C and Figure

S2) and DNA (Figure 5E) to levels almost equivalent to control

mice. However, in case of cholesteryl esters, both pre and post L-

met treatment showed significant rescue (Figure 5D). Most likely,

the drop in glycogen levels and increase in DNA amounts are

molecular changes that are sensitive to the early rise in oxidative

stress.

FTIR does not Differentiate any Molecular Changes in
APAP Treated C57BL/6 and Nos22/2 Mice

Next, experiments with another mouse strain, C57BL/6 were

performed. Since the role of Nos2 during APAP induced

hepatotoxicity has been controversial [22–24], a comparative

kinetic analysis of C57BL/6 and Nos22/2 mice treated with APAP

was performed. Importantly, no difference in the pattern of serum

Figure 1. A schematic representation of the experimental strategy and analysis performed in this study.
doi:10.1371/journal.pone.0045521.g001

Table 1. Band assignments for the IR spectra [26,27].

Wavenumber (cm–1) Spectral assignments

966 C-O stretch deoxyribose and C-N+-C stretch (mainly from DNA)

996 C-O stretch ribose (mainly from RNA)

1030 C–O stretch (mainly from glycogen)

1080 PO2
– symmetric stretch in glycogen and nucleic acids

1152 CO–O–C asymmetric stretch (mainly from glycogen)

1171 CO-O-C asymmetric stretch from ester bonds in cholesteryl esters

1238 PO2
– asymmetric stretch (mainly nucleic acids)

1397 COO- symmetric stretch in fatty acids and amino acids

1451 CH2 bending (mainly from lipids)

1542 N–H bending and C–N stretch in proteins (Amide II)

1648 C——O stretch in proteins (Amide I)

1741 C——O stretch in triglycerides and cholesterol esters

2856 CH2 symmetric stretch (mainly from lipids)

2875 CH2 symmetric stretch (mainly from lipids)

2926 CH2 asymmetric stretch (mainly from lipids)

2956 CH3 asymmetric stretch (mainly from lipids)

3012 = C-H stretch (mainly from unsaturated lipids)

doi:10.1371/journal.pone.0045521.t001

FTIR Analysis of APAP-Induced Liver Damage
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ALT, liver malonaldehyde and GSH amounts (Figure 6) was

observed. Also, histological examination of liver sections (Figure

S3) indicated that damage was similar in C57BL/6 and Nos22/2

mice treated with APAP. FTIR spectral analysis (Figure 7)

revealed that the pattern of decrease in glycogen levels, increase

in cholesteryl ester levels and increase in DNA levels was similar in

C57BL/6 and Nos22/2 mice treated with APAP.

Figure 2. FTIR analysis of APAP induced liver damage in BALB/c mice. FTIR spectra (950 cm21 to 1200 cm21) of control and APAP treated
mice livers at indicated time points. Arrows indicate the wave numbers where differences were observed (A). Kinetic changes in the liver glycogen (B),
Cholesteryl ester (C), DNA (D) and ALT (E) amounts in APAP treated mice. The extent of necrosis in control and APAP treated mice livers at indicated
time points was quantified after Hematoxylin and eosin staining (F). All the data are shown as mean 6 S.E. with n = 3 mice or more.
doi:10.1371/journal.pone.0045521.g002

Figure 3. Kinetic analysis of spleen post oral dosing with APAP in mice using FTIR. Changes in glycogen (1030 cm21/1080 cm21; A),
cholesteryl ester (1171 cm21/1152 cm21; B) and DNA (966 cm21/996 cm21; C) in sera from APAP treated BALB/c mice. All the data are represented as
mean 6 S.E. with n = 3 mice.
doi:10.1371/journal.pone.0045521.g003

FTIR Analysis of APAP-Induced Liver Damage
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FTIR Detects Changes in Sera of Mice Dosed with APAP
For ease in detection of liver damage, we used sera of mice

treated with APAP for FTIR analysis. Interestingly, similar

patterns as observed with liver sections, i.e. decrease in glycogen

levels, increase in cholesteryl esters and DNA levels (Figure 8) were

found. These data suggest that the pattern of molecular changes

detected by FTIR at the site of catabolism of APAP, i.e. liver,

could also be detected in sera, although the kinetics was delayed

(1.5 h). In addition, these changes were similar in sera of both

C57BL/6 and Nos22/2 mice treated with APAP (Figure 9).

Modulation of Cytokines during APAP Induced
Hepatotoxicity

Analysis of the immune response in terms of serological analysis of

cytokines involved in APAP hepatotoxicity was also performed.

Serum levels of Ifnc, Tnfa and Il6 increased but Il10 levels decreased

with time post APAP treatment in BALB/c mice (Figure 10).

Cytokine analysis in the sera of C57BL/6 and Nos22/2 mice treated

with APAP revealed some differences. The pattern of changes in Ifnc
(Figure 11A) and Tnfa (Figure 11B) in sera were not different in

C57BL/6 and Nos22/2 mice treated with APAP. However, Il6 levels

(Figure 11C) increased with time upon APAP treatment in C57BL/6

mice but did not increase as much in Nos22/2 mice at later time

points post APAP dosing. Interestingly, in Nos22/2 mice treated with

APAP, serum Il10 levels (Figure 11D) increased with time unlike in

C57BL/6 mice.

Discussion

There are three aspects to this study involving oral dosing of

mice, the physiological route of entry, with APAP: First is the

feasibility of using FTIR spectroscopy to diagnose APAP induced

liver toxicity with high sensitivity using liver samples or sera.

Second is the decrease in glycogen and increase in DNA as

molecular changes that are highly sensitive to lowering of GSH

amounts which probably leads to oxidative stress. In the third part,

cytokine analysis of sera revealed the role of Nos2 in modulating

some cytokines, i.e. Il6 and Il10.

The FTIR spectral data analysis detected the changes in injured

mice liver as early as 0.5 h (Figure 2 and Figure S1) and these

changes were specific to the liver and not spleen (Figure 3). There

was an early and significant drop in liver glycogen amounts that

remained low over time. While the drop in glycogen was specific to

liver and sera but not spleen, upon APAP-induced hepatotoxicity,

lower glycogen amounts is also observed in CCl4 induced

hepatotoxicity and hepatectomy [28,29]. On the other hand, in

cases of HCV infection and liver cirrhosis, glycogen amounts in

Figure 4. Biochemical and histological analysis of APAP induced liver damage in BALB/c mice. Total GSH amounts (A), malonaldehyde
amounts (B) and hematoxylin and eosin staining (C) of livers upon APAP treatment in BALB/c mice. Arrows indicate necrotic lesions (C). Each panel
represents data from experiments with n = 3 mice.
doi:10.1371/journal.pone.0045521.g004

FTIR Analysis of APAP-Induced Liver Damage
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liver increases [30,31]. In fact, glycogen indeed corresponds to the

decrease in the ratio of wave numbers 1030 and 1080 using FTIR

microspectroscopy was confirmed using purified glycogen (Figure

S4). Therefore, the drop in glycogen amounts during APAP-

induced hepatotoxicity should be included along with other

markers, e.g. increase in DNA, cholesteryl esters, ALT etc to

diagnose disease progression. The sustained depletion in glycogen

may be due to multiple reasons: First, mitochondrial respiration is

known to be impaired upon APAP induced hepatotoxicity [32],

which may lower glycogen amounts due to enhanced glycolysis.

Second, studies using inhibitors and genetic knockout mice which

results in low glutathione amounts also lowers the cellular glycogen

pool. For example, low glutathione amounts decreases the activity

of enzymes involved in glycogen metabolism (e.g. glycogen

synthase), thus lowering glycogen amounts [33]. Also, in hepato-

cytes, upon treatment with GSH deficiency inducing agents like

menadione and BSO causes decrease in cellular pools of glycogen

[34]. Finally, astrocytes from glutamate cysteine ligase modulatory

subunit knockout mice contain less endogenous amounts of GSH,

also display lower glycogen amounts compared to the wild type

astrocytes [35]. Our studies with pre and post L-met treatment of

mice dosed with APAP also showed that glycogen decrease was

dependent on early GSH depletion and was abolished upon pre–

treatment of mice with L-met (Figure 5). This aspect is important

as both L-met and N-acetylcysteine are well known to feed into

GSH synthesis pathway [36].

The presence of a band at 1171 cm21 due to CO-O-C

asymmetric stretching vibration of ester bonds in cholesteryl esters

indicates disturbance in lipid metabolism. Cholesteryl esters are

formed due to the linkage of cholesterol with fatty acid acyl

coenzyme A. Increase in cholesteryl esters is associated with

obesity, degeneration of the hippocampus and cancerous tissue

due to increased proliferation [37,38]. Interestingly, Toyran et al.

observed that intensity of the band at 1171 cm21 decreases

whereas the band at 1151 cm21 increases in the diabetic group

with respect to the control [26]. Most likely, the increase in the

intensity of the band at 1151 cm21 in the diabetic group is due to

increase in glycogen. It is known that high amounts of plasma non-

esterified fatty acids cause glycogen accumulation due to

alterations in carbohydrate and lipid metabolism during diabetes.

Further studies are required to understand the physiological

implications of the increase in cholesteryl esters during liver

damage.

The increase in 966/996 cm21 ratio i.e. the increase in DNA

has at least three potential explanations: (i) proliferation of cells, (ii)

inflammatory cell infiltration and (iii) necrosis and apoptosis at the

site of liver injury. The probability that the rise in DNA was due to

increased proliferation of cells was low as, only 10 out of 20,000

liver cells undergo division since the majority are mitotically

inactive [39]. Also, liver regeneration occurs much later after

injury, ,72 h after initiation of damage [39,40]. The infiltration

of inflammatory cells during liver damage was negligible in this

Figure 5. Studies with pre and post L-methionine treatment in APAP treated BALB/c mice. Changes in ALT amounts in sera upon pre and
post L-methionine treatment in APAP treated mice (A). FTIR spectra (950 cm21 to 1200 cm21) of pre- and post- L-methionine treatment in APAP
treated mice livers (B). Changes in glycogen (C), cholesteryl ester (D) and DNA (E) amounts upon pre and post L-methionine treatment of APAP
treated mice livers. All data are represented as mean 6 S.E. with n = 5 or more mice.
doi:10.1371/journal.pone.0045521.g005

FTIR Analysis of APAP-Induced Liver Damage
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model (Figure 4C and Figure S3). Most likely, the increase in

detection of DNA was due to cell death as a possible consequence

of the translocation of Bax into the mitochondria [41].

The role of preventive or therapeutic treatment for liver damage

was addressed by injecting L-met before or after APAP dosing.

Liver damage as assessed by studying ALT amounts in the sera

indicated complete recovery under both conditions. However,

FTIR analysis clearly revealed differences and, with post L-met

treatment, reduction in glycogen and increase in DNA were

clearly observed (Figure 5). Most likely, these two changes were

more sensitive to early increase in oxidative stress. This study has

clearly defined the molecular changes that are differentially

responsive to early or late changes in the GSH amounts in livers

undergoing injury.

The cellular and biochemical processes associated with

APAP-induced liver damage are well studied [1,4,5]. Both

glycogen and GSH are known to be greatly reduced following

APAP administration [42]. Also, DNA is released in the sera

following liver damage and has been used as a marker [43].

Spectral changes observed in case of liver tissue were also

observed with sera although the kinetics were delayed, e.g. 1.5 h

compared to 0.5 h (Figure 2 and Figure 8). However, rise in

ALT amounts in the sera was observed much later, e.g. 3 h

after APAP dosing (Figure 2E and Figure 6). Importantly, in

this model of acute hepatotoxicity, FTIR spectroscopy was able

to consistently identify different molecules, e.g. glycogen, lipids,

nucleic acids etc., while using the same sample. Notably, FTIR

microspectroscopy analysis did not identify other markers that

have been reported to be associated with APAP induced

hepatotoxicity, e.g. increase in collagen (1395 cm21), consistent-

ly across samples [44]. This aspect of using multiple markers to

monitor disease progression may be more reliable than using a

single marker. In fact the addition of new biomarkers to existing

ones to predict disease susceptibility of patients is of growing

interest. For example, in cardiovascular diseases, the use of a

single biomarker is not definitive in predicting the progression

or susceptibility to disease [45]. In addition, this study reinforces

the ability of FTIR to analyze heterogeneous tissue samples to

closely study the complex injury process. FTIR studies related

to liver toxicity due to various chemicals like Cd2+ and CCl4

Figure 6. Changes in sera ALT (A), liver GSH (B) and liver malonaldehyde amounts (C) from APAP treated C57BL/6 and Nos22/2

mice. All the data are represented as mean 6 S.E. with n = 3 or more mice.
doi:10.1371/journal.pone.0045521.g006

FTIR Analysis of APAP-Induced Liver Damage
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have been reported wherein liver tissue samples were investi-

gated in powdered or homogenized extracts [46,47]. However,

this is the first report of the use of FTIR to study APAP-

induced liver damage using cryosectioned tissue, thereby

avoiding any possible alterations of the sample. FTIR is very

sensitive and detected very early biochemical changes in both

liver as well as sera compared with existing biochemical assays.

This study highlights the potential of using FTIR as a single

Figure 7. Comparative kinetic analysis of livers from APAP treated C57BL/6 and Nos22/2 mice. Changes in glycogen (A & D), cholesteryl
ester (B & E) and DNA (C & F) from APAP treated C57BL/6 (top panel) and Nos22/2 (bottom panel) mice livers are shown. All the data are represented
as mean 6 S.E. with n = 6 mice.
doi:10.1371/journal.pone.0045521.g007

Figure 8. FTIR Analysis of sera from APAP treated BALB/c mice. Changes in the glycogen (1030 cm21/1080 cm21; A), Cholesteryl ester
(1171 cm21/1152 cm21; B) and DNA (966 cm21/996 cm21; C) amounts in APAP treated and untreated mice sera. All the data are shown as mean 6
S.E. with n = 5 mice or more.
doi:10.1371/journal.pone.0045521.g008

FTIR Analysis of APAP-Induced Liver Damage
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non-invasive alternative to the more established individual

biochemical assays to monitor disease progression. Furthermore,

FTIR microspectroscopy can be used to identify novel

biochemical markers in APAP induced hepatotoxicity and other

diseases that can be eventually validated using standard

biochemical assays or methods. It needs to be highlighted that

the changes in biomarkers observed in this study are only in

mice and cannot be directly extrapolated to human patients

with APAP induced hepatotoxicity. Further studies will be

required to identify and validate these biomarkers using FTIR

microspectroscopy in other liver injury models and, more

importantly, in patients with liver injury and disease.

As there are conflicting reports on the role of Nos2 in

modulating APAP-induced liver damage [22–24], experiments

were designed to address this issue. Unlike a previous report

that showed that ALT amounts are lower but lipid peroxidation

is increased in Nos22/2 mice upon APAP dosing [23], no

differences were observed with respect to FTIR spectroscopy,

GSH, malonaldehyde, ALT amounts and histology between

C57BL/6 and Nos22/2 mice (Figure 6, Figure 7, Figure 9 and

Figure S3); however, differences were observed with some

cytokines (Figure 11). Differential cytokine modulation has been

shown in the APAP model of liver toxicity. In fact, the higher

expression of Il6 in mice has been associated with reduced liver

damage [48]. Il6 is known as a hepatocyte growth factor and is

important for liver regeneration [39]. In fact, Il6 increases faster

in C57BL/6 mice whereas Il10 is reduced in BALB/c mice

(Figure 10 and Figure 11). It appears that Nos2 increased Il6

but decreased Il10 levels during APAP-induced hepatotoxicity

(Figure 11). Interestingly, nitric oxide has been shown to inhibit

the production of Il6 in rat Kupffer cells [49]. In an endotoxin

model of lung inflammation, Nos2 has been shown to be

important in decreasing Il12 and increasing Il10 amounts in the

lung [50]. Also, the presence of Nos2 has been shown to reduce

Tnfa and increase Il10 during APAP-induced liver damage

[22]. Several reports have shown that Il10 reduces Nos2

induction, which in turn reduces inflammatory responses

[51,52]. Nos2 also regulates Il10 and this aspect is interesting

as mice lacking Il10 are shown to be more susceptible to APAP-

induced liver damage most likely due to increased production of

Nos2 and pro-inflammatory cytokines that increase immunopa-

thology [24].

Overall, this study demonstrates the efficacy of using sera

combined with FTIR and cytokine analysis as a non-invasive,

rapid and sensitive assay to diagnose liver damage. The cytokine

studies are important as they reveal the potential role of

differential genetic predispositions in modulating immune re-

sponses during liver diseases. Overall, the combination of FTIR

and cytokine analysis will open new avenues for rapid diagnosis

and a more comprehensive understanding of liver injury and,

perhaps, other diseases.

Figure 9. FTIR Analysis of sera from APAP treated C57BL/6 and Nos22/2 mice. Changes in the glycogen (A, D), Cholesteryl ester (B, E) and
DNA (C, F) amounts from C57BL/6 (top panel) and Nos22/2 (bottom panel) mice with time in APAP treated and untreated mice sera. All the data are
shown as mean 6 S.E. with n = 7 mice.
doi:10.1371/journal.pone.0045521.g009
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Materials and Methods

Animal Ethics Statement
All mice experiments were performed in accordance with the

Ministry of Environment and Forests Act regarding the breeding

of and experiments on animals (control and supervision) rules,

1998. Mice were bred and maintained by the Central Animal

Facility, IISc (Registration number: 48/1999/CPCSEA, dated 1/

3/1999), which is accredited to the Ministry of Environment and

Forests, Government of India. The details of guidelines issued by

CPCSEA can be accessed on the web using the link: http://

envfor.nic.in/divisions/awd/cpcsea_laboratory.pdf. All mice ex-

periments were conducted as per the guidelines issued by the

Institutional Animal Ethics Committee, IISc (permit no. CAF/

Ethics/155/2009). Approval by the Committee for Purpose and

Control and Supervision on experiments on animals (CPCSEA)

was sought and approved for the protocols used for experimen-

tation.

Mice
Six to eight week old BALB/c, C57BL/6 and Nos22/2 mice

(18–25 g) were obtained from the Central Animal Facility of the

Institute. All mice were provided humane care and experiments

were performed as per the guidelines laid out by the institutional

animal ethics committee. Mice were starved overnight, orally fed

with ,450 mg/kg APAP in autoclaved milliQ water and

sacrificed at indicated time points, as described previously [53].

Mice dosed with autoclaved milliQ water were used as controls. L-

met was administered intraperitoneally 0.5 hours (h) before (pre)

or 0.5 h after (post) APAP dosing.

Chemicals
APAP and L-met were obtained from Sigma Aldrich Ltd. (St.

Louis, MO). Purified Glycogen was obtained from Sisco Research

Laboratories (Mumbai, India). Liver injury was assessed by

measuring serum ALT activity using a kit from Coral Clinical

Systems (Goa, India).

Figure 10. Cytokine analysis in sera of BALB/c mice during APAP-induced liver damage. Fold changes in the levels of Ifnc (A), Tnfa (B), Il6
(C) and Il10 (D) with time in APAP treated with respect to untreated mice sera. All the data are shown as mean 6 S.E. with n = 5 mice or more.
doi:10.1371/journal.pone.0045521.g010
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FTIR Measurements
Liver and spleen were dissected and tissue samples were washed

with PBS, snap frozen in liquid nitrogen and immediately stored at

280uC until further analysis. The tissues were cryosectioned

(4 mm thickness) at 220uC and sections were mounted on IR

reflective slides (Varian, Inc., MA). IR images of liver and spleen

samples were recorded using a commercial FTIR micro-

spectrometer (Varian, FTS 7000) coupled with a focal plane array

and liquid N2-cooled Mercury Cadmium Telluride (MCT) linear

detector. All images were recorded at a resolution of 4 cm21 and

for each image, 64 scans/interferograms were co-added. Images

were recorded from 10 different sites for each sample and 50

spectra were averaged from each image. For FTIR analysis of sera,

2 ml of sera were diluted to 5 ml with water and a drop of the same

was added on a slide and air dried at 37uC. In case of sera, MCT

linear detector was used for recording IR spectrum. A multipoint

linear baseline was subtracted from each spectrum and spectra

were normalized to the amide II band (1542 cm21) as it remained

unchanged across different samples and experiments. Tissue or

sera changes are represented as glycogen (1030 cm21/

1080 cm21), cholesteryl ester (1171 cm21/1152 cm21) and

DNA (966 cm21/996 cm21) amounts. All the experiments were

performed at least three times with three or more animals per

group. Cumulated results across experiments have been presented

in figures as mean 6 S.E.

GSH Estimation
Ellman’s reagent was used to quantify the total GSH amounts in

the APAP treated and control mice livers, as described previously

[53]. The assay involves the reduction of 5, 59-dithiobis 2-

nitrobenzoic acid to a yellow product by sulfhdryl groups present

in GSH. In brief, liver samples were homogenized (in 1 ml) in 5%

trichloroacetic acid and homogenates were centrifuged at 10,000 g

for 30 min at 4uC. GSH in the supernatant was quantified using

the extinction coefficient (13,600 M21 cm21) of DTNB and

normalized to the protein in each sample.

Figure 11. Nos2 modulates the amounts of Il6 and Il10 during APAP induced liver damage. Fold changes in the levels of Ifnc (A), Tnfa (B),
Il6 (C), and Il10 (D) in sera from APAP treated and controls of C57BL/6 and Nos22/2 mice. All the data are represented as means 6 S.E. with n = 5 or
more mice.
doi:10.1371/journal.pone.0045521.g011
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Histological Analysis
Liver tissues were dissected from mice and fixed overnight in

10% neutral formalin buffer. Sample blocks were prepared by

embedding liver tissues in paraffin wax, and sections were stained

with haematoxylin-eosin (H & E). Tissue sections were observed

using a light microscope and photographs were taken using a

Nikon camera fitted to the microscope. Briefly, necrotic lesions

were examined using low-power (250 X) light microscopy and

images were obtained using a digital camera. Quantification of

hepatic necrosis upon APAP treatment was performed as

previously reported [54].

Malonaldehyde Quantification
The quantification of malonaldehyde amounts in the liver

samples was performed as described previously [55]. Briefly, liver

tissue samples were obtained at different time points and

homogenized in 1.15% KCl buffer. The homogenates were

centrifuged and 0.8% TBA, 0.25 N HCl and 10% TCA were

added to the supernatants. The mixture was incubated in boiling

water bath for 20 min, centrifuged and optical density at 535 nm

was measured using a micro plate reader (Versa Max, Molecular

Devices). The amount of malonaldehyde was calculated using a

1,1,3,3, tetra methoxy propane as external standard. The

malonaldehyde amounts were normalized with the protein content

in each sample.

Cytokine Analysis
Sera obtained from mice in different experiments were used to

quantify the amounts of the following individual cytokines using

ELISA kits (eBioscience, U.S.A): Ifnc, Tnfa, Il6 and Il10. The

samples were diluted and the amounts detectable were in the

linear range of standards for each of the cytokines. The

manufacturer’s protocol was followed and the colorimetric

reaction was developed using TMB substrate, the amounts were

calculated from the absorbance measured at 450 nm using a micro

plate reader (Versa Max, Molecular Devices). Amounts were

calculated and represented as fold change with respect to

corresponding controls without APAP.

Statistical Tests
Data are expressed as mean 6 SE. Statistical analysis was

performed using Student’s t test using GraphPad Prism (5.0)

software. The degree of significance was represented by ‘‘asterisks’’

(*) for p,0.05 = *, p,0.01 = **, p,0.001 = ***, p,0.0001 = ****.

Supporting Information

Figure S1 FTIR spectra (950 cm21 to 3800 cm21) of
control and APAP treated mice livers. Arrows indicate

regions of observable difference (A). Kinetic FTIR spectra

(950 cm21 to 1200 cm21) of control and APAP treated mice

spleen at indicated time points (B). FTIR images of control and

APAP treated mice livers; both white light and glycogen

distribution are shown in following order: (i) Control, (ii) 0.5 h,

(iii) 1.5 h, (iv) 3 h, and (v) 6 h – post APAP treatment (C). Each

image is a representative across experiments with n = 3 to 6 mice.

(TIF)

Figure S2 FTIR images of ,4 mm liver sections of the
following order: (i) Control, (ii) pre L-methionine
treatment (20.5 h), (iii) post L-methionine treatment
(+0.5 h), (iv) APAP alone. All images represent data across

many experiments with n = 5 or more mice.

(TIF)

Figure S3 Hematoxylin and eosin stained liver sections
from APAP treated and controls of C57BL/6 and Nos22/2

mice. Arrows indicate necrotic lesions. All images represent data

across many experiments with n = 3 or more mice.

(TIF)

Figure S4 FTIR spectra (950 cm21 to 1175 cm21) of
glycogen solution in milliQ water (black), control mice
liver (blue) and 6 h post APAP treatment mice liver (red).
Arrows indicate regions of observable difference.

(TIF)
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