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In vivo study on the protection of
indole-3-carbinol (I3C) against the mouse acute
alcoholic liver injury by micro-Raman
spectroscopy
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Micro-Raman spectroscopy (MRS) was utilized for the first time to evaluate the effect of indole-3-carbinol (I3C) on acute alcoholic
liver injury in vivo. In situ Raman analysis of tissue sections provided distinct spectra that can be used to distinguish alcoholic
liver injury as well as ethanol-induced liver fibrosis from the normal state. Sixteen mice with liver diseases including acute liver
injury and chronic liver fibrosis, and eight mice with normal liver tissues, and eight remedial mice were studied employing
the Raman spectroscopic technique in conjunction with biomedical assays. The biochemical changes in mouse liver tissue
when liver injury/fibrosis occurs such as the loss of reduced glutathione (GSH), and the increase of collagen (α-helix protein)
were observed by MRS. The intensity ratio of two Raman peaks (I1450/I666) and in combination with statistical analysis of the
entire Raman spectrum was found capable of classifying liver tissues with different pathological features. Raman spectroscopy
therefore is an important candidate for a nondestructive in vivo screening of the effect of drug treatment on liver disease, which
potentially decreases the time-consuming clinical trials. Copyright c© 2008 John Wiley & Sons, Ltd.
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Introduction

Liver fibrosis represents a long-standing medical problem with
significant morbidity and mortality. Worldwide, hepatitis viral in-
fections, including hepatitis B and hepatitis C, became the primary
cause of liver fibrosis; however, within many countries chronic
ethanol consumption [alcohol liver disease (ALD)] is the leading
cause.[1] If left untreated, fibrosis can progress to cirrhosis, an end-
stage consequence of fibrosis, ultimately leading to liver failure
and possible death. However, even advanced liver fibrosis is po-
tentially reversible which has been demonstrated in the 1990s.[2]

Hence, biopharmaceutical companies and researchers are increas-
ingly interested in developing antifibrotic programs, and clinical
trials are currently underway. As well known, the most effective
therapy for treating hepatic fibrosis to date is still depending on
medicine treatment.[3] A number of drugs, e.g. renin–angiotensin
system blockers and antioxidants, are able to reduce the
accumulation of scar tissue in experimental models of chronic
liver injury, although their efficacy has not been tested in humans.
Lack of clinical trials is due to the requirement of long follow-up
studies and to the fact that liver biopsy, an invasive procedure,
is still the ‘gold standard’ method for assessing liver histology,
disease activity, and liver fibrosis.[4] The current effort to develop
a reliable, simple, and nondestructive technique to rapidly assess
liver fibrosis is expected to facilitate the design of clinical trials.

Indole-3-carbinol (I3C) is a compound found in high concentra-
tions in Brassica family vegetables, including broccoli, cauliflower,
Brussels sprouts, and cabbage. As a nutritional supplement, I3C has

received attention in recent years as a promising preventive and
treatment agent for breast and other types of cancers,[5] and may
have beneficial effect in the inhibition of liver disease. Preliminary
studies have examined its efficacy in protection against ethanol-
induced hepatotoxicity and liver fibrosis on precision-cut liver
slices[6,7] and cellular level,[8] respectively. In principle, the routine
biochemical assays are capable of identifying molecular changes
including collagen, extracellular matrix (ECM) protein, etc. in the
process of acute liver injury.[9] However, the application of these
techniques in animal studies after intragastric administration of
I3C does not show the expected results related to ethanol-induced
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liver injury, suggesting that other sensitive methods have to be
employed for the investigation of the action of I3C.

Here, we suggest that Raman spectroscopy presents a fast
and reliable method for the characterization of liver tissue. The
Raman effect is an inelastic light-scattering process whereby
a very small proportion of the incident photons are scattered
(approx. 1 in 108) with a wavenumber shifted to lower energies.
The difference between the incident and scattered frequencies
corresponds to the vibrational modes of molecules participating
in the interaction, which are excited during the scattering process.
Raman spectra are depicted by plotting the intensity of the
scattered photons as a function of the wavenumber shift. Since
the Raman spectra reflect structural and electronic properties
of molecules and their surroundings, they can be considered to
be ‘fingerprints’ of the specific molecular species. This makes
Raman spectroscopy also very useful for biomedical applications.
Most biologic molecules are Raman-active scatterers and their
Raman spectra usually exhibit sharp spectral features that are
characteristic for specific molecular structures and conformations
of tissue,[10,11] thus providing more specific molecular information
about a given tissue or disease state. In recent years, Raman
techniques have been widely applied in the investigation of
biomedical issues including quantitative histochemical analysis of
human arteries,[12] disease diagnosis especially for cancer,[13,14]

characterization of pterygium,[15] imaging of cells,[16] and analysis
of the stratum corneum in human skin in relation to administration
of therapeutic agents.[17] As for the ‘hepatology’, we also discussed
the feasibility of confocal Raman spectrsoscopy (CRS) to monitor
the molecular changes of hepatic stellate cells (HSCs) in vitro as
well as in vivo activation.[18] In this work, we successfully developed
a mouse model of ethanol-induced chronic liver fibrosis and
acute alcoholic liver injury. For the present investigation, micro-
Raman spectroscopy (MRS) was utilized to identifying spectral
differences between normal mouse liver tissue and tissue affected
by acute alcoholic liver injury and fibrosis in situ. Comparing the
Raman data with various pathological attributes, a tentative Raman
criterion was established to sensitively distinguish liver damage
from normal tissues. On this basis, we now have for the first
time investigated the protection of the liver by I3C against acute
alcoholic liver damage. We suggest MRS being a rapid and precise
way to screen liver-protecting drugs.

Experimental

Tissue specimens

The alcoholic acute liver injury model and ethanol-induced chronic
liver fibrosis model animals employed Kunmin male mice weighing

18–22 g, which were purchased from the Experimental Center of
Medical Scientific Academy of Hubei (China). Thirty-two mice were
divided into four groups of eight: (1) normal control, (2) acute liver
injury, (3) ethanol-induced chronic liver fibrosis, and (4) I3C treated
on liver injury (40 mg/kg). Following acclimatization for 1 week
after arrival, group (4) received intragastric administration of I3C,
dissolved in olive oil, at doses of 40 mg/kg for 2 weeks. The acute
liver injury model control groups were intragastrically treated with
olive oil; 50% ethanol (0.2 ml/10 g day−1) was administered orally
1 h after the last dose of I3C. The ethanol-induced chronic liver
fibrosis control mice were fed with 40% ethanol (0.2 ml/10 g day−1)
for 3 months. Normal control mice received a normal diet and free
access to water. Mice were killed at the end of the 3rd month and
livers were excised. The right lobes of the livers were divided into
two parts, one was fixed in 0.4 g l−1 paraformaldehyde solution,
embedded in paraffin and then processed for light microscopy,
and the other was snap-frozen in liquid nitrogen and stored at
−80 ◦C until use. Blood samples were obtained immediately before
the mice were sacrificed.

Biochemical assay

Protein concentrations in liver were determined by the Lowry
method using bovine serum albumin (BSA) as standard. The
content of liver hydroxyproline was analyzed by standard
spectrophotomeric methods using commercial test reagents.
Hydroxyproline levels were analyzed separately for each liver,
and the unit was microgram per gram liver weight. Glutathione
S-Transferases (GST) activity in liver tissue was measured with
1-Chloro-2,4-dinitrobenzene (CDNB) as described by Ping et al.[19]

In brief, the reaction of 1 mM CDNB with 1 mM glutathione
(GSH) in the diluted human liver S-9 protein (1 mg) was
monitored spectrophotometrically by recording the increase in
absorbance at 340 nm. The final concentration of ethanol in the
incubation mixture was 1% (v/v). A correction for the spontaneous
reaction between GSH and CDNB in the absence of enzyme was
made.

All the descriptions about animal models and corresponding
biochemical assay results are listed in Table 1.

Raman instrumentation

A Horiba Jobin Yvon Raman microspectrometer (system HR800,
Horiba Jobin Yvon, Villeneuve d’Ascq, France) was optimized
for maximum throughput, detection sensitivity, and fluorescence
suppression. For Raman excitation, a He–Ne laser provided a 13.6-
mW excitation light at 632.8 nm. After attenuation through prisms

Table 1. Description of model animal and biochemical assay results

No. Group
Total number

of mice
Total number

of spectra
Total proteina

(g/L)
Hypa

(µg/g liver)
GSTa

(mmol/min mg)

1 Normal 8 38 0.995 ± 0.093 89.30 ± 9 296.35 ± 33

2 Injure 8 42 1.121 ± 0.005∗∗

3 Fibrosis 8 45 111.6 ± 18∗ 231.77 ± 56∗∗

4 Remedial 8 42 0.691 ± 0.039∗∗∗

Total number 32 167

a The results were expressed as mean ± SD.
∗ P < 0.05,
∗∗ P < 0.01 versus normal,
∗∗∗ P < 0.01 versus injury.
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and filters, the power of the laser exposed on the samples was
only about 1 mW, which makes it almost impossible for the laser
to lead to degradation of the tissues. Spectra were measured from
tissues with a 50× long-working-distance objective [numerical
aperture (NA) 0.50, Olympus, Japan], and the signal was integrated
for 4× 60 s and measured over a spectral range of 600–1700 cm−1

with respect to the excitation wavenumber. The system includes
a stigmatic spectrometer with two motorized gratings, of which
the 600 grooves/mm grating was used to provide a spectral
resolution of about 5 cm−1 at an entrance slit width of 50 µm.
Wavenumber position and instrumental response were calibrated
using the silicon phonon line at 520 cm−1. Cryosections (25-
µm in thickness) were placed on a CaF2 slides for Raman
investigation. During the measurement, the liver tissue section
was thawed to reach room temperature in air. From each mouse
one to two tissue sections (two to three points per section)
were selected and measured. In total, 167 Raman spectra (as
shown in Table 1) were recorded and processed (for smoothing,
baseline subtraction, and peak detection) by means of a simple
background elimination method developed by our group.[20]

The peak intensities of selected Raman lines were extracted
from all spectra and exported automatically using a self-made
program.

PCA and logistic regression analysis

In the calibration stage, 122 Raman spectra collected from 34 mice
(except from the ‘Fibrosis’ group) formed a calibration set. The
data in this set were analyzed using principal component analysis

(PCA) to extract the principal components and their associated
scores. The scores were then fed into a logistic regression (LR)
algorithm to optimally differentiate the liver injury tissue from the
normal and remedial ones.

Figure 1. Raman spectra of liver tissue after background elimination.
The mean Raman spectra of normal (dot line), liver injury (solid line)
and liver fibrosis (dash line) tissue after pre-processing are shown
in panel (A). The difference between the mean Raman spectra of
liver injury and normal tissue (injury–normal) and between liver
fibrosis and normal tissue (fibrosis–normal) are displayed in panels
(B) and (C), respectively. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

Table 2. Peak positions and tentative assignments[22 – 25] of major vibrational bands observed in our Raman experiments

Peak position
(cm−1) Protein assignments Lipid assignments Others

1660 vs ν(C=O) amide I, α-helix, collagen

1610 m Tryptophan

1579 w δ(C=C) phenylalanine

1546 m ν(C=C) tryptophan / ν(C=C) porphyrin

1450 vs δ(CH2), δ(CH3), collagen δ(CH2) scissoring, phospholipids

1399 w Hemoglobin

1369 w Unassigned

1340 w CH2 CH3 wagging collagen CH2 CH3 wagging nucleic acids

1303 w δ(CH2) twisting, wagging collagen δ(CH2) twisting, wagging phospholipids

1248 vs ν(CN), δ(NH) amide III, α-helix, collagen, trytophan

1170 m δ(C–H), tyrosine

1123 s ν(C–N), proteins

1083 w ν(C–C) or ν(C–O), phospholipds PO−
2 nucleic acid skeleton

1033 w, sh δ(C–H), phenylalanine

1005 vs C–C symmetric ring breathing, phenylalanine

972 m Unassigned

938 w C–C skeleton, proteins

932 w ν(C–C), α-helix, praline, valine

853 w ν(C–C), proline δ(CCH) ring breathing, tyrosine Polysaccaride

848 w Trytophan

784 w PO−
2 , cytosine, uracil, thymine

716 w Tyrosine/Adenine

666 s ν(C–S), cysteine

644 w C–C, wagging tyrosine

623 w Adenine

ν , stretching mode; δ, bending mode; v, very; s, strong; m, medium; w, weak; sh, shoulder.
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Figure 2. Plots of the amplitudes of selected Raman peaks intensities assigned to proteins vibration for normal, liver injury, and liver fibrosis tissues (line
position are given in cm−1).

Figure 3. Distribution of ratios between Raman peaks intensities at 1450
and 666 cm−1 taking serial number of spectra as abscissa.

Results

Spectral difference among Raman spectra of mouse liver
tissue: normal, injured, and fibrotic

The above-mentioned approach was applied to pre-processed
Raman spectra of liver tissue. The background eliminated mean
Raman spectra of normal, liver injury, and liver fibrosis tissues
are shown in Fig. 1(A). From a visual inspection of the result, it is
obvious that the background eliminated spectra preserved well-
defined Raman peaks in the 1700–600 cm−1 region. From these,
height and position could easily be accessed, which were used to
further assess the stage of liver disease.[21]

From Fig. 1(A) it becomes obvious that Raman spectra of normal
liver tissue are very similar to those of liver injury and liver fibrosis
tissues. However, there are significant differences in the relative
intensities of most bands. Primary Raman peaks at 666, 932, 938,
1005, 1033, 1083, 1123, 1170, 1248, 1303, 1340, 1450, 1546, 1579,
and 1660 cm−1 can be consistently observed in all the tissues,
with the strongest signals at 1005, 1248, 1450, and 1660 cm−1.

The normalized intensities of Raman peaks at 623, 644, 756, 853,
1004, 1033, 1083, 1303, 1248, and 1660 cm−1 are greater for liver
fibrosis tissue than that of normal tissue, even more than that of
injury tissue, while for the Raman band at 666 cm−1 an inverse
behavior occurs. These normalized intensity differences can be
viewed more clearly on the difference spectra between liver injury
and normal tissue, and liver fibrosis and normal tissue in Fig. 1(B)
and (C), respectively.

Mostly the bands corresponded to vibrational modes of
biomolecules, such as proteins, lipids, and nucleic acids, which may
be altered in quantity with the extent of liver damage (Fig. 1(A)).
To better understand the molecular basis for the observed Raman
spectra of liver tissue, Table 2 lists the wavenumbers and tentative
assignments in detail, according to literature data.[22 – 25] Thus,
distinctive Raman features and intensity differences for liver
fibrosis versus liver injury and normal liver tissue can reflect
molecular and cellular changes associated with the aggravation of
liver injury. From the difference spectra as shown in Fig. 1(B) and
(C), some Raman bands at 1660, 1450, 1340, 1303, and 1248 cm−1

typically assigned to vibrational modes of collagen molecules,[22]

exhibited an obvious upward trend for their normalized intensity.
In Fig. 2 we have illustrated the changes in Raman peak

intensities for some protein by displaying the intensities for
normal, liver injury, and fibrosis material. The Raman spectrum
of the normal tissue was weaker in intensity than that of the
liver injury tissue and the intensity of the peaks increases with
increasing degree of damage, liver fibrosis having the highest
intensity, normal liver possessing the minimum, and acute liver
injury lying in between (Fig. 1(A)). The increase in intensity of the
ν (C=O), δ(CH2), and ν(CN) peaks suggests changes in the proteins
especial for collagen contents. Mahadevan-Jansen and Richards-
Kortum[25] have summarized the features and interpretation of
Raman spectra of proteins, DNA, and membrane in complex
biological system. This review confirms these assignments and
also points out that proteins’ secondary structure should mainly
be described by an α-helix form. Actually, liver injury and also
fibrosis can be regarded as a wound-healing response to a
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Figure 4. Plots of the amplitudes of selected Raman peaks assigned to proteins from spectra of normal, liver injury, and remedial tissues (line position in
cm−1).

Figure 5. Scatter plot after PCA analysis for three types of tissue. This figure is available in colour online at www.interscience.wiley.com/journal/jrs.

variety of chronic/acute stimuli, e.g. alcohol. It is characterized
by an excessive deposition of ECM proteins, in which collagen
is included as a main component.[9] Additionally, our previous
Raman investigations have also demonstrated that the major
function of activated HSCs in liver injury induced by an other
acute stimuli (CCl4) was to secrete ECM containing fibril-forming
collagens. Table 1 lists the content of hydroxyproline of different
types of liver tissue, which could reflect the increase of collagen
(hydroxyproline is only attributed to collagen) when the alcohol-
induced liver fibrosis occurs. However, for alcoholic acute liver

injury, there is no direct evidence to prove the increase of collagen
here besides the total amount of protein.

On the other hand, not all Raman peak intensities showed a
consistent increase, for example the Raman band at 666 cm−1,
which can be assigned to the stretching vibration of the C–S
bond of cysteine[23] (compare difference spectra given in Fig. 1(B)
and (C)). This information from comparative Raman spectroscopy
is very important for understanding the mechanism of acute liver
injury. Generally, ethanol is largely dehydrogenated by alcohol
dehydrogenase after its intake of body, which would result in

www.interscience.wiley.com/journal/jrs Copyright c© 2008 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2009, 40, 550–555
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an obstruction of the tricarboxylic acid cycle and a decrease of
fatty acid oxidation, and further results in a deposit of abundant
lipids in hepatocytes. The Raman data point to the abnormality
of the lipometabolism in the liver injury tissue (data not shown).
Moreover, ethanol could activate oxygen molecules into oxygen-
derived free radicals which induced lipid peroxidation of the liver
membrane and decrease of reduced GSH.[26] It should be pointed
out that the main amino acid molecule of GSH is cysteine, which
is indeed reduced under alcoholic hepatic injury.

Evaluating effect of I3C treated on acute alcoholic liver injury

Simple but effective diagnostic algorithms have been proposed
on the basis of the empirical analysis of Raman spectra in terms
of peak intensity or peak intensity ratio measurements and have
been applied to a number of organ types. For example, the ratio
of intensities at 1455 and 1655 cm−1 has been used to classify
tumor versus normal tissue in the brain, breast, colon, and cervix,
since both bands are sensitive to histological abnormalities.[27]

Considering the aforementioned spectral differences between
normal and liver injury tissues, the intensity ratio between bands
at 1450 and 666 cm−1 (I1450/I666) was found to be a potential
Raman criterion for assessing the histology of liver tissue, and as
such can also be used to evaluate the effect of I3C treatment on
acute alcoholic liver injury. Figure 3 displays the ratios (I1450/I666)
for 122 Raman spectra of normal, liver injury, and remedial tissues.
As it becomes obvious from Fig. 3, the I1450/I666 values of normal
liver tissue have a similar distribution as those obtained from
the remedial group; nearly all are accumulated between 1 and
1.5. On the other hand, the injured group’s values are dispersed
over a larger range from 1 to 3.5. Thus, the ratio I1450/I666 can be
considered to be a simple screening tool indicating possible acute
liver injury. It can also be seen that I3C serves as a drug having
perceptible efficacy reversing the alcoholic liver injury.

To analyze the effect of an I3C treatment on the injury model
with an even higher reliability, the ratios of several Raman peaks
can be used for data analysis. Figure 4 shows that the intensities of
selected Raman peaks assigned to proteins show regular changes
when going from ‘Normal’ to ‘Remedial’ groups, which is consistent
with biochemical assay results as shown in Table 1.

In view of the wealth of information available in the Raman
spectra and the biochemical complexity of liver lesions, a method
of analysis that utilizes the entire Raman spectrum rather than
only few peak height ratios is an optimum method to distinguish
between normal and liver injury tissue.[14] Therefore, a multivariate
statistical analysis (here PCA), which utilized the entire spectrum
and automatically determines the most diagnostically significant
features (factors), should improve the efficiency of the tissue
analysis and classification. For this, we have applied PCA and LR
algorithms on the complete database. We find that the two-score
combination {PC1, PC2} gives the best differentiation between the
three types of tissues (as shown in Fig. 5). To achieve improvement
and facilitate the perspective application in clinic routine, further
investigations are in progress.

Conclusions

The results of our exploratory study demonstrate that there are
specific differences in Raman intensities for normal versus liver

injury and fibrosis tissues, confirming a potential role of MRS in liver
disease diagnosis. Up to now, none of the standard biochemical
methods was capable of analyzing the action of I3C against acute
alcoholic liver injury in vivo. We have demonstrated that Raman
spectroscopy in conjunction with a careful peak analysis or even
better with statistical analysis provides a rapid, reagent-free, and
nondestructive technique for the screening of drug treatment
on liver disease, such as decreasing the time needed for clinical
studies.
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