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ABSTRACT: Raman imaging has the capability to provide
unlabeled, spatially aware analysis of chemical components, with
no a priori assumptions. Several lifestyle diseases such as
nonalcoholic steatohepatitis (NASH) can appear in the liver as
changes in the nature, abundance, and distribution of lipids,
proteins, and other biomolecules and are detectable by Raman
imaging. In order to identify which of these liver-associated
changes occur as a direct result of the diet and which are secondary
effects, we developed correlative imaging and analysis of diet and
liver samples. Oleic acid was found to be a direct contributor to
NASH liver composition, whereas protein and collagen distribu-
tions were found to be affected in a manner consistent with early
fibrotic transformation, as a secondary consequence of the high-fat
diet.
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■ INTRODUCTION
Nonalcoholic fatty liver disease and the more severe form of
nonalcoholic steatohepatitis (NASH) are diseases where fat
buildup in the liver can lead to cirrhosis and potentially fatal
consequences.1,2 There is currently a lack of understanding
especially in terms of the molecular mechanisms of the
disease.3 While it is known that diet plays a significant role,2

complex metabolic pathways can make it challenging to trace
direct links between diet and resulting liver pathology.4 Fatty
acids can be present both in the diet and in the liver, with the
types and ratios being particularly significant to NASH
progression,5,6 and are emerging as therapeutic targets.7,8

Understanding how fatty acids and other components cause
and/or correlate with NASH is important, but there are few
methods to map different biochemical components across the
liver. In particular, microscopic stains are limited in liver
imaging, and, with a few exceptions,9 are not specific to
individual fatty acids. However, unlabeled optical methods
show promise.

Raman spectroscopy is an unlabeled method that can be
used as an imaging mode which is particularly sensitive to
different fatty acids and can make quantitative comparisons
between them,10 while also being able to visualize other
relevant cell/tissue components.11

Links between diet and liver function are usually studied in
humans by a range of nonimaging analysis methods,12

compared with assays of biomarkers for liver function.13 Diet

has been considered in the context of disease, by Raman
imaging of metabolic processes,14 but has not to our
knowledge been directly included in the same chemometric
model as the target organism. Here, we aimed to develop a
simple system of Raman imaging and analysis and use it to
directly show links between the dietary intake and the
molecular distributions in the liver without requiring staining,
a priori information, or destruction of the samples.

To achieve this, Raman imaging uses a spectrometer to
detect the optical spectrum scattered from molecules in a
sample.15 Excited by laser light, the molecular composition of
the sample can then be determined with high spatial resolution
as the excitation beam probes each location. Biological tissue
can be challenging to image due to autofluorescence but has
been achieved in ex vivo liver tissue16 or simpler tissue models
such as organoids.17 Using longer wavelengths in the near-
infrared, the Raman scattering signal is reduced; however, the
lower autofluorescence and reduced susceptibility to photo-
damage can actually allow for higher quality imaging and
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Figure 1. (a) Mean scores for the nine chemical components generated by MCR−ALS analysis. The colored triangles indicate the contribution of
each component for chow pellet (red triangles), NASH pellet (blue triangles), and corresponding chow tissue (orange triangles) and NASH tissue
(green triangles). (b) MCR component spectral profiles for all nine emergent components. Component 1 (red undershading), component 3 (green
undershading), and component 4 (blue undershading) have been used as color channels to create the RGB image shown in (c). (c) False color
RGB image of the distribution of component 1 (red), component 3 (green), and component 4 (blue) in the chow (panels A−D) and NASH
(panels E−H) tissue sections. The scale bar represents 40 μm. (d) Schematic showing the approximate relative positions within liver sections that
correspond to locations of Raman images presented in panel (c).
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spectral analysis. This is especially useful with ex vivo samples
where the sample composition may be both complex and
unknown. While overall composition can be measured by
homogenizing samples and measuring chemical components,
using Raman imaging allows comparison of the chemical
components as well as their distributions. To more directly link
dietary components and the resulting spatial distributions in
the liver, we therefore used Raman imaging with an excitation
wavelength of 785 nm and measured regions in feed pellets as
well as in 10 μm thick sections of liver, for both control (chow)
and NASH diet. By first analyzing a joint data set of similar
numbers of pellet and liver spectra, we obtained chemical
components present in pellet or liver (or both) by multivariate
curve resolution−alternating least-squares (MCR−ALS). The
choice of MCR−ALS from the many different multivariate
analysis approaches was made due to its ability to effectively
isolate spectrally pure non-negative components that can be
easily compared to reference spectra.18 Using the generated
model, we then quantitatively determined the presence or
absence of those components in the larger liver data set, along
with their respective spatial distributions.

■ METHODS

Sample Preparation
Chow (4.78% crude fat, 0.19% choline) and NASH (28.2% crude fat,
0.11% methionine) mouse food pellets were obtained from CLEA
Japan and Oriental Yeast, respectively, sterilized with 30 kGy γ-ray.
Pellets were cut in half immediately prior to Raman measurements,
and the Raman spectra were recorded from the freshly opened surface
of the pellets. Mice were maintained under specific pathogen-free
conditions on a 12 h light−dark cycle with free access to food (chow
or NASH) and water. We used C57BL/6JmsSlc male 6-week-old
mice (Japan SLC). After 8 weeks, mice were sacrificed by cervical
dislocation. Liver was extracted, embedded in O.C.T compound
(Sakura Finetek) in a plastic mold, immediately frozen in liquid
nitrogen and stored at −80 °C, and then later microtomed into 10 μm
thick sections before imaging. These sections were placed on a quartz-
bottomed cell culture dish (FPI, Japan) and then immersed in 2 mL
of Dulbecco’s phosphate-buffered saline without calcium or
magnesium (D-PBS(−)) (Nacalai Tesque, Japan) immediately prior
to Raman measurement. All mice experiments were approved by the
Animal Research Committee of the Research Institute for Microbial
Diseases, Osaka University.

Tissue Staining
As a qualitative morphology comparison, Oil Red O (for lipid
imaging) and Sirius Red (for collagen) stains were done after
equilibrating at room temperature on liver sections that were then
sealed under a coverslip. Imaging was done using a ×2.5/0.06 NA A-
Plan objective lens and a Canon EOS R detector. Between 12 and 26
images were collected for each liver slice and stitched together using
Adobe Photoshop CS5. Stitching was only used for the bright-field
imaging in this step and not for any Raman data or analysis.

Raman Imaging
Raman measurements were performed on unstained tissue sections
using a Raman-11 laser microscope (Nanophoton, Japan) at 785 nm,
grating with 600 l/mm, resulting in a spectral range of 728.9− 1806.6
cm−1, and collected onto a Pixis 400 CCD camera (Princeton, USA).
Spectrometer calibration was performed using the 520 cm−1 peak
from a silicon sample as well as measuring an ethanol (99.5%, Nacalai
Tesque, Japan) spectrum and verifying the positions of the five main
peaks in the fingerprint region. For pellet measurements, spectra were
recorded using a ×20/0.45 NA magnification objective (Nikon,
Japan), 3 s per spectrum and with a laser power of 105 mW at the
sample plane. Spectra were collected in sets of nine (3 × 3 spectra
with a spacing of 9 μm between spectra) from 16 different regions

across the inner surface of the pellet. For chow pellets, due to the
relatively high levels of background caused by autofluorescent
materials in the sample, the Raman spectra were collected after first
irradiating the sample collection spot with 785 nm excitation at 105
mW with four exposures of 3 s each, with a 10 s pause between each
exposure to allow for any built-up heat to dissipate, resulting in a total
of 12 s of exposure at each sampling point before the Raman
measurement was taken. This autofluorescence reduction step was not
required for the NASH pellet samples. For the tissue measurements,
images were obtained from liver sections from two mice for each diet
(i.e., two mice fed on chow diet and two mice fed on NASH diet).
Positions were selected to cover two regions close to the edge of the
liver as well as two regions deeper into the organ for both chow and
NASH fed liver samples. Raman spectra were recorded using a ×40/
0.8 NA water immersion lens (Nikon, Japan) for 5 s per spectrum and
a laser power of 95 mW at the sample plane. For each tissue image,
spectra were recorded at 2 μm spacing over an area of 160 μm × 160
μm square, resulting in a Raman image size of 80 × 80 pixels square.
No damage was observed in any of the samples during Raman
measurements.

Data Analysis
Raman spectra were preprocessed in MATLAB by baseline correction
with PLS Toolbox (Eigenvector Research) using a fourth-order
weighted least-squares algorithm and “filter and despike” cosmic ray
removal (with parameters as follows, Algorithm: Despike, Window: 5,
Mode: 2, Tolerance: 2, TRB Flag: Bottom, Threshold: 3). In order to
avoid potential biases in the MCR model that could originate from
using vastly different numbers of spectra from each sample type, we
generated subsets of the Raman spectra contained in each of the tissue
images (created by taking every 160th spectrum from each of the
measured tissue sections, creating a 40 pixel image for each tissue
section). To then generate the MCR model, a pseudoimage was
constructed containing all spectral data from the two pellet samples
and the two subsets of the tissue spectra. This produced a data set
where the number of pixels from each sample type was roughly similar
(144 pixels per food pellet sample type and 160 pixels per tissue
sample type). A graphical representation of the data set used to create
the MCR model is shown in Figure S1. By using both pellet and liver
tissue in the model, we ensure that common spectral features can be
determined and relative abundance can be quantified. Since we have
both the relative abundance as well as the spatial distribution, both
sets of information can be used as to whether a component is present
and whether the distribution is random or aggregated, as well as
whether it excludes or is colocalized with other components. MCR
was performed using the “fasternnls” non-negativity constraints for
both spectra and concentration. The number of components extracted
was set to 9 as this was the minimum number of components to
achieve a model fit of ≥95% (nine components = 95.07% cumulative
fit). The Raman images taken from the liver tissue samples from mice
fed on chow and NASH food pellets were then projected onto the
MCR model in order to quantify the presence/absence of the
individual MCR components in the liver tissue sections and assess
their distribution, if present.

■ RESULTS AND DISCUSSION
The mean scores for the nine MCR components are shown in
Figure 1a and are derived from the mean intensities score for
all pixels from each sample: chow pellet, NASH pellet, and
resultant liver sections for each diet type. The corresponding
spectra for each MCR component are shown in Figure 1b.
Each spectrum is derived from the combined diet/tissue data
set, with no a priori information used. Several spectra match
closely to reference spectra available in the literature and/or
spectra measured from purified samples in our laboratory. A
summary of assignments and supporting spectral references is
shown in Table 1. For reference, a selection of spectra averaged
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from different regions (i.e., high lipid vs low lipid) are also
shown in the Supporting Information (Figure S2).

The spectral profile of MCR component 1 is very similar to
that of the Raman spectrum of oleic acid, suggesting that the
NASH diet is relatively rich in oleic acid10 and that these high
oleic acid levels in the feed are absorbed by the body and
eventually incorporated into cells. Although the chow pellet
and tissue do not show strong intensities for component 1, it
should be noted that there is some intensity present
throughout the chow pellet and tissue, reflecting the fact that
oleic acid is the major dietary monounsaturated fatty acid and
the most abundant fatty acid in the human body,29 suggesting
we would also expect to see some levels of oleic acid in healthy
mouse tissues. For comparison, Figures 2a and b show example
regions of liver tissue from chow and NASH fed mice that have
been stained for lipids by Oil Red O. Although this stain is not
specific to oleic acid, the distributions of Oil Red O staining
and MCR component 1 in the Raman data (see Figure 1c, red
channel and Figure S5) are similar, i.e., negligible in the chow
fed liver, while notable as droplets throughout the NASH liver.
In addition, the Oil Red O staining in the NASH liver can be
observed as both small droplets within the tissue and larger
droplets forming in the holes of the liver tissue, which is
consistent with our observations for MCR component 1.

The spectral profile of component 2 suggests the majority of
this component is associated with the presence of starch,19 and
the mean values for each of the samples support this
assignment as both the diet pellets show high mean values
with a relatively even distribution throughout the pellets,
whereas the tissue sections have average values very close to
zero.

Component 3 exhibits a combination of a sharp band close
to 1000 cm−1, relatively broad bands at 1447 and 1658 cm−1,
and a broad band envelope between ∼1200 and 1350 cm−1,
making this typical of proteins.20 Therefore, component 3
reflects the bulk of the protein distribution within the samples,
where the chow pellet contains slightly more protein than the
NASH pellet and where the protein contents in the tissues are
similar in abundance to each other (although with changes in
distribution induced by the presence of holes in the NASH
tissue).

Component 4 is found predominantly in the two pellet
samples but is also present at lower levels in the two tissue
samples. The molecular components that are contributing to
component 4 are not clear. The spectral profile does share
some similarities with collagen in the 1200−1500 cm−1

region,30 but the corresponding Amide I band expected
around 1650 cm−1 is not present.20,30 Additionally, nucleic
acids are known to provide Raman signals at approximately
800−850 cm−1 from the phosphate backbone, while bands
originating from the bases can be observed in the 1300−1500
cm−1 region.21,22 However, nucleic acid bands from bases,
particularly adenine and guanine, would also be expected
between 1500 and 1700 cm−1, and the phosphate backbone in
both RNA and DNA gives rise to a relatively strong band
around the 1100 cm−1 region,21,22 all of which are missing in
the spectral profile of component 4. Figure 2b shows Sirius
Red staining for the chow and NASH liver tissue, showing the
distribution of collagen within these samples. The pattern of
holes is clearly evident in the NASH liver tissue. The
appearance of fibril-like structures in the NASH tissue is
consistent with patterns visible in the Raman data, with MCR
component 4 (which we assigned to collagen and nucleic acids
in Figure 1c, blue channel and Figure S5) showing similar
fibril-like structures.

Component 5 is mainly present in the two diet pellets, with
low amounts observed in the chow pellet and high levels in the
NASH pellet. These high values are not evenly distributed
within the NASH pellet and are instead located in a few of the
regions measured (Figure S4). This spectrum is currently
unassigned.

The spectral profile of component 6 shows notable similarity
to that of trehalose,23 with possible additional contributions
from pectin (particularly the very intense band in the 848 cm−1

region24), suggesting component 6 reflects some of the
carbohydrate content of the diet pellets, particularly
disaccharides and soluble fiber. This component is found
throughout both the chow and NASH pellets, with particularly
high levels found in two measurement regions for the NASH

Table 1. Assignments Linking MCR Derived Components
to Molecular Contenta

MCR component chemical assignment

1 oleic acid
2 starch
3 protein
4 collagen/nucleic acids
5 unknown
6 carbohydrate/trehalose
7 unknown
8 sucrose
9 lignin/HHE/HNE

aKnown references for assignments are as follows: MCR1,10 MCR2,19

MCR3,20 MCR4,20−22 MCR6,23,24 MCR8,25 and MCR9.26−28

Figure 2. Liver tissue sections from chow and NASH fed mice stained with Oil Red O or Sirius Red: (a) Oil Red O�chow, (b) Oil Red O�
NASH, (c) Sirius Red�chow, and (d) Sirius Red�NASH. Scale bar represents 40 μm. An overview of a whole liver section for each tissue type for
both stains is shown in Figure S2.
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pellet (Figure S4b), but is not strongly observed in either tissue
type (figure S5).

The region up to 1000 cm−1 in the spectral profile of
component 7 is affected by distortions introduced into the
spectra by baseline correction of spectra with very high
baseline distortions from autofluorescent molecules present in
the measured positions. This primarily affected one measure-
ment region within the chow pellet (Figure S4). However, the
pair of bands between 1000 and 1050 cm−1 is observed in the
raw spectra from multiple regions within the diet pellets.
Unfortunately, due to the limited spectral information it is
unclear what molecules are contributing to this component.

The spectral profile of component 8 is a close match to that
of sucrose in its crystalline form.25 The highest levels of this
component are present in the NASH pellet, and it is found
predominantly within one measurement area, although all
areas measured in the NASH tissue do show some contrast for
component 8 (Figure S4b), while the chow pellet contains
significantly less. Therefore, similarly to component 6,
component 8 reflects carbohydrate content, this time in the
form of sucrose. As it is not observed in either of the tissue
samples (Figure S5), if sucrose is present in these samples, it is
at levels too low to be detected by Raman/MCR.

The spectral profile of component 9 is a close match to that
of corn husk.31 Further investigation of literature in the area
would indicate that the two main bands observed originate
from lignin26 and, more specifically, the ferulic acid contained
in lignin.27 Comparison of the two pellet samples shows that
the chow pellet shows high mean values for component 9,
whereas the NASH pellet values are close to zero, indicating
that the chow pellet contains notable amounts of corn husk
and the NASH pellet does not. If this component only
originated from lignin, it would not be expected to be present
in either of the tissue samples. However, it should be noted
that as the spectral profile of component 9 is dominated by the
two bands between 1550 and 1650 cm−1, if a molecule present
in the tissue samples also has a Raman spectrum dominated by
two bands in this region, this may also be seen as contrast in
component 9. Two candidates for this are 4-hydroyxhexenal
(HHE) and 4-hydroxynonenal (HNE), both of which have
Raman spectra dominated by intense bands in this region.28

Both of these molecules formed during lipid peroxidation,
occurring as a consequence of oxidative stress.32 Although
component 9 appears to be present at similar levels within the
two tissue samples, the distribution is notably different (Figure
S5). Within the chow tissue, component 9 is relatively
homogeneously distributed and present at similar levels
throughout the tissue. In the NASH tissue, however,
component 9 has a much more droplet like distribution, with
high intensity within these droplets. These regions correspond
closely to areas in the NASH tissue that are known to be lipid-
rich (i.e., areas with high scores for component 1).

Overall, the largest difference seen in the tissue is the
presence of MCR component 1 (oleic acid), prevalent in the
NASH samples. This can be traced directly back to the diet
and presents as lipid droplets of different morphologies, with a
range of sizes between 2 and 30 μm. Tissue from the NASH
diet also reveals significant holes, not shown in the chow (i.e.,
healthy) diet. MCR component 3 (protein) and component 4
(collagen/nucleic acids) are both involved in the surrounding
tissue, with some, but not complete, spatial overlap between
the two channels (green and blue in Figure 1c). This
morphology, specifically the visible collagen/protein networks

surrounding the holes in the tissue (Figure 1c and Figure 2d),
is consistent with early stage fibrosis, which involves a complex
series of changes in both morphology and related cellular
processes.33

Several components appear present only in the diet with no
corresponding presence in the liver. Some of these are as
expected; carbohydrates (MCR 6) and simple sugars (MCR 8)
were not expected in the liver and did not appear in significant
quantities. However, these may be observable in biochemical
imaging of hepatic tissue of other diseases, for example,
abnormally high glucose levels.34 Starch (MCR 2) was also
expected to appear in both diets but not significantly in the
liver samples, which is confirmed in the results (Figure 1).

Two out of the nine spectral components are currently
unidentified. These are component 5 and 7, present in the
NASH and chow diet, respectively. Neither of these were
abundant in either tissue type. Finally, component 9 has a
spectral profile that appears to share features between lignin,
likely from corn husk in the feed, and bands related to lipid
oxidation. Although this component appears in both chow and
NASH tissue samples, it is highly aggregated in the NASH
tissue, colocalized with other lipid features, and may indeed
originate from lipid-peroxidation products within the lipid-rich
regions of the tissue.

The observations of high levels of oleic acid (MCR 1) in the
diet correspondingly with high levels of oleic acid in the liver
are consistent with previous studies using gas chromatog-
raphy35 and manifest as lipid droplets of a variety of sizes.
Evidence of lipid peroxidation appears (MCR 9) and is similar
in terms of mean intensity across chow and NASH liver but
with markedly different spatial distribution (Figure S5) and not
colocalized with oleic acid. Biochemically, these components
should also be independent since HHE and HNE are
breakdown products from n-3 and n-6, respectively,32 whereas
oleic acid is an n-9 fatty acid. Proteins (MCR 3) are visible in
the chow diet but have a four times stronger intensity in both
types of liver. The chow and NASH tissue have comparable
levels of protein; however, the spatial distribution in the NASH
tissue is notably altered, consistent with early fibrosis.

■ CONCLUSIONS
The results show the effectiveness of NIR Raman imaging and
MCR−ALS with correlative analysis of diet and liver, detecting
components specific to individual diets as well as those shared
across different diets and highlighting the resulting liver
composition and morphology. We should note that only
components present in sufficiently high abundance will be
detected. A more subtle limitation is that only components
that have different concentrations in different samples can be
discriminated as distinct components. Nevertheless, many
components are evident, both spectrally and spatially. The
components generated with MCR−ALS can be directly
compared across samples within the same data set that was
used to generate the model. This allows us to directly evaluate
components that persist in the liver from the diet and those
that do not. Here, oleic acid could be considered as persisting
in the liver with comparable concentration to the diet. Sugars
(sucrose and trehalose) while present in both diets are not
observed in the liver. Secondary effects such as changes in the
spatial distribution of molecules in the liver can also be
observed with this approach, with collagen morphology
undergoing significant change from the more homogeneous
distribution in chow fed liver samples to the fibril-like
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structures that surround holes visible in the NASH diet liver
samples.

Although in this study we looked specifically at the links
between diet and liver, the same approach can be applied to
other organs from which tissue sections can be prepared.
Additionally, the correlative imaging approach is well-suited to
targeted or diagnostic studies such as how chemical
components or environmental contaminants such as micro-
plastics or pesticides present in the diet can transfer to organs.
Interestingly, the nonsupervised algorithms employed here can
identify emergent or unexpected changes in tissue if the
spectral strength is sufficient for detection.
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