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Abstract

ALDH2 inactivating mutation (ALDH2*2) is the most abundant mutation leading to bone 

morphological aberration. Osteoporosis has long been associated with changes in bone biomaterial 

in elderly populations. Such changes can be exacerbated with elevated ethanol consumption and in 

subjects with impaired ethanol metabolism, such as carriers of aldehyde dehydrogenase 2 

(ALDH2)-deficient gene, ALDH2*2. So far, little is known about bone compositional changes 

besides a decrease in mineralization. Raman spectroscopic imaging has been utilized to study the 

changes in overall composition of C57BL/6 female femur bone sections, as well as in compound 

spatial distribution. Raman maps of bone sections were analyzed using multilinear regression with 

these four isolated components, resulting in maps of their relative distribution. A 15-week 

treatment of both wild-type (WT) and ALDH2*2/*2 mice with 20% ethanol in the drinking water 

resulted in a significantly lower mineral content (p < 0.05) in the bones. There was no significant 

change in mineral and collagen content due to the mutation alone (p > 0.4). Highly localized islets 

of elongated adipose tissue were observed on most maps. Elevated fat content was found in 

ALDH2*2 knock-in mice consuming ethanol (p < 0.0001) and this effect appeared cumulative. 

This work conclusively demonstrates that that osteocytes in femurs of older female mice 

accumulate fat, as has been previously theorized, and that fat accumulation is likely modulated by 

levels of acetaldehyde, the ethanol metabolite.

*corresponding authors: malkovskiy@gmail.com; jayraja@stanford.edu. 
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Mini Abstract

Little is known about bone compositional changes in human subjects with ALDH2 gene 

deficiency besides decreases in mineralization, particularly in case of chronic alcohol 

consumption. Our Raman and fluorescence imaging of femur sections of ADLH2*2 knock-in and 

alcohol-consuming C57BL/6 9-months old female mice also show accumulation of fat in 

osteocytes.
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Introduction

Osteoporosis and osteopenia are common problems associated with aging; one in three 

women and one in five men over the age of 50 experience osteoporosis-induced fractures in 

their lifetime, greatly adding to their morbidity and mortality [1,2]. Diminished bone quality, 

decreased bone density, and increased adipose tissue [3] in bone marrow of humans and rats 

are greater in alcoholic subjects [3–6]. In humans, alcohol is first metabolized to 

acetaldehyde by alcohol dehydrogenase (ADH) and acetaldehyde is further detoxified to 

acetate by aldehyde dehydrogenase 2 (ALDH2) [7]. Approximately 560 million East Asians 

cannot process acetaldehyde properly due to the lack of a functional ALDH2 enzyme [8], 

which is caused by a common dominant inactivating point mutation in the ALDH2 gene 

denoted as the ALDH2*2 mutation [9]. ALDH2*2 is a dominant negative mutation [10–12]. 

ALDH2 is a tetramer. A single monomer is not active, only a pair of dimers can form a 

catalytic and NAD co-factor binding site. In addition, ALDH2*2 is more labile, affecting the 

half-life of the WT monomers in the heterotetramer. Carriers of the inactive ALDH2*2 gene 

are three times more likely to develop osteoporosis [13] and higher risk of hip fracture [14]. 

With the administration of ethanol for 4 weeks, differentiation and mineralization of 

osteoblasts was severely suppressed resulting in reduced trabecular bone formation and bone 

volume in these ALDH2−/− knock-in mice [15]. The lack of consistency in the observed 

results for the different mouse mutant and ethanol treatment models suggests that there are 

compositional changes beyond simple changes in overall mineralization.

Bone mineral density (BMD) via X-ray absorptiometry (DXA) scans [16] is used in the 

clinic to identify patients at risk of osteopenia or osteoporosis. This method, although 

valuable in the clinic, does not provide the robust data necessary to characterize the bone at 

the molecular level, which is necessary to assess the efficacy of potential therapies since the 

changes to BMD are small and delayed [15]. The main reason behind studying cortical bone 

shafts of mouse femur is that these tissues bear most of the load. While an earlier study [15] 

reported decreases in trabecular bone mineralized nodule formation for ALDH2 knock-in 

mice consuming ethanol, the effect in the rodent model of ALDH2*2 knock-in of the human 

mutation has not been studied.

BMD and other aspects of bone quality have been measured in rodents, ex vivo. These 

studies have involved measuring gross morphological changes as well as physical properties, 
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such as bone size, thickness, and brittleness [17, 18]. Bone marrow adipose tissue has been 

quantified by dual-energy computerized tomography (DECT) [19] and magnetic resonance 

imaging [20]. More recent work applying Fourier transform infrared (FTIR) microscopy 

[21–26] to assess bone quality and map mineral distribution [27–29].

Raman spectroscopy, like infrared (IR) imaging, detects vibrational and rotational motions 

of atoms and thus is very effective in detecting chemical composition of materials and 

tissues. Raman spectroscopy has increased spectral resolution and lack of signal interference 

due to water signal that plagues FTIR [22, 30]. Importantly, Raman mineral density 

measurements were shown to align with DXA data for the same specimens [31]. Although 

Raman has been previously used to analyze bone samples for single-point measurements 

[32–35] and to map areas based on amide and mineral peaks [36–38] this study represents 

the first complete Raman spectral imaging of rodent bone utilizing the entire fingerprint 

spectral range up to 3200 cm−1. Multi-Linear Regression (MLR) fitting over the entire 

Raman spectrum, utilizing all chemical signature bands, is required to be able to accurately 

distinguish between fat and collagen signals. MLR technique has been applied very recently 

with great success to distinguish between different redox states of mitochondria [39], as well 

as for more clear imaging of individual cell subcomponents [40].

In this paper, we propose a model that mouse cortical bone consists of four primary 

components that comprise most of the content: mineral, collagen, proteoglycans and fat. 

Such components could then be mapped by Raman across a bone section and their 

abundance measured, providing useful insights into compositional differences between 

cortical bones of old WT mice, old mice after extensive ethanol treatment, old mice with 

ALDH2*2 transgenic knock-in mutation developed earlier in the lab and old mice with both 

a mutation and ethanol treatment. Mineralization data obtained in this way should be 

consistent with CT results.

It should be noted here that the assumption of four-component composition of cortical bone 

is, of course, a simplification of the complex bone structure. There are several limitations of 

the model. The bone has additional components such as osteocalcin. However, osteocalcin 

must have a strong amide band, which is clearly not a characteristic of our empirically 

determined “average bound proteoglycan” compound. Thus, due to relatively low abundance 

in the scanned areas, the osteocalcin signal is buried below the noise level for low 

acquisition times. More complex Raman techniques, such as resonance Raman, or higher 

laser powers are required for this. There can also be several types of proteoglycans, 

collagens and fats present. The differences in their spectra are quite small and, similarly, 

were found to be below the detection limit of our set-up. Finally, the individual components 

can exhibit shape and position changes for their primary peaks, depending on short and 

medium-order interactions with other components. However, as we have witnessed in our 

studies [41, 42], even extremely strong interactions, despite significant changes to a few 

individual peaks, do not change the shape of the whole spectrum dramatically, highlighting 

yet another advantage of using MLR analysis instead of traditional peak integrations and 

deconvolutions.
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The primary aim of the paper was to test whether Raman mapping could be a viable and 

inexpensive alternative to different CT techniques in detecting changes in mouse femur 

diaphysis mineralization. In addition, by using the four-component Raman model, as well as 

supporting techniques, we wanted to test our hypothesis that the reduced ability to detoxify 

aldehydes due to ALDH2*2 inactivating mutation affects bone composition and that the 

increased aldehydic load through chronic exposure to ethanol will further exacerbate altered 

bone composition.

Materials and Methods

Knock-in mouse model

The ALDH2*2 knock-in mice have been generated from C57BL/6 mice by using 

homologous recombination to replace the mouse ALDH2 allele with the mutant E487K 

ALDH2 mutant allele according to the procedures described by Zambelli et al. [43]. Both 

wild-type controls and ALDH2 homozygous (ALDH2*2/*2) were fed standard rodent chow, 

ad libitum, provided by the Research Animal Resource Center (RARC) at Weill Cornell 

Medical College. For details on ethanol treatment and its effects on mice, refer to Osei-Sarfo 

et al. [44, 45]. As this was a chronic study, with samples split between multiple techniques, 

we have added 6 samples to the 1st group (WT) post hoc, purchased from Jackson 

Laboratories, to improve significance of the results, as these were the only samples that 

could be obtained commercially.

Mouse treatment details

Mice were treated according to the Administrative Panel on Laboratory Animal Care 

(APLAC) guidelines, at Weill Cornell Medical College of Cornell University. All applicable 

institutional and/or national guidelines for the care and use of animals were followed. Wild 

type (ALDH2*1/*1) and homozygous (ALDH2*2/*2) female C57BL/6 mice at 21 weeks of 

age were given either water or 20% ethanol for 15 weeks. The homozygosity of the mutant 

mice was confirmed by PCR. The water with 20% ethanol was replaced weekly as described 

[44]. Mice were euthanized by cervical dislocation, skin removed, and legs were shipped in 

PBS under refrigeration/on ice to Stanford University, where the bones were cleaned from 

soft tissue.

Mouse bone preparation

The same set of bone samples from 9-month old mice from 4 treatment groups was used for 

Raman, microCT and Fluorescence imaging. Flat longitudinal cross-sections were prepared 

by consecutive slicing of cryosections in OCT compound (ThermoFischer Scientific, 

Waltham, MS, US) in Leica CM1950 cryostat until half of the bone along the major leg 

direction was removed (Fig. 1). We used C.L.Sturkey, Inc.® high profile heavy duty 

disposable knives for sectioning. A new location on the blade was used for every sample by 

sliding the knife along the holder, until most of it was used. Then, a new knife was taken. 

This resulted in most sections being clean and smooth. The few non-smooth sections were 

not used for further experiments and were discarded. For Raman, the resulting sample was 

placed in a mold of air-hardening clay in such a way that the cross-section surface was 

perpendicular to the microscope objective. After hardening in air for a day, the mold 
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provided a holder for the bone sample that maintained it perpendicular to the objective for 

more than a week. We have added 6 samples to the 1st group (WT mice given water) post 
hoc, purchased from Jackson Laboratories, to improve significance of the results, as these 

were the only samples that could be obtained commercially. For fluorescence experiments, 

the samples were embedded in OCT and sliced into 8-μm thin sections in a Leica CM3050 S 

cryostat with assistance of Kawamoto film [46]. For color staining, full-length bones were 

fixed in formalin for 24 hours and then stored in ethanol for 72 hours. Bones were then 

decalcified, paraffin embedded, sectioned and H&E stained if applicable by Histo-Tec 

Laboratory Inc. (Hayward California). For all experiments, we used the middle of mouse 

femur diaphysis, unless indicated otherwise.

Histology and optical imaging

Bone sections were stained using the BIC staining protocol described in [47]. Color images 

of stained sections of full-length femurs were acquired using an All-in-One Fluorescence 

Microscope BZ-X700 (Keyence).

Raman spectroscopy imaging

Mouse bone sections were prepared directly by cryosectioning bone samples embedded in 

OCT compound without any additional treatment or decalcification, to preserve the original 

composition, perpendicular to the microscope imaging plane. Raman experiments were 

performed with NTEGRA™ Spectra Raman spectrophotometer instrument, equipped with a 

peltier plate-cooled CCD camera in backscattering geometry. The illumination source was a 

473 nm Cobolt Blues™ continuous wave diode-pumped solid-state laser brought to the 

sample by a Mitutoyo long working distance objective (100X, 0.7 NA). Raman pinhole was 

set at 120 microns, so the resulting focal spot was expected to be around 0.8 microns in 

diameter. Laser power at sample was ~2 mW, as measured by Coherent LaserCheck™. Nine 

samples were used for WT group and three for other groups, and average of 3 scan areas per 

bone was provided. Images were 80×80 microns with 1 micron step in each axis, 10 s 

Raman acquisition per pixel. Intensity maps were plotted with the help of LabView 

CW3DGraph ActiveX visualization packages.

Raman of pure materials

Pure dry hyaluronic acid, chondroitin sulphate and heparin were purchased from Aldrich 

(heparin) and Sigma-Aldrich, US. Raman measurements were taken directly from crystalline 

solids.

Unbiased separation of Raman spectra of bone into four principle components

Individual Raman spectra were analyzed, and curves were identified with the strongest 

contribution of a specific features, i.e. the C-H broad peaks at 2850–3000 cm−1 or the sharp 

PO4
3- peak at 962 cm−1. Our model assumes that all Raman spectra represent a 

superposition of four primary components: collagen tissue, mineral deposits, fat/adipose 

tissue and bound proteoglycans. Due to our experimental conditions, different types of 

collagens, proteoglycans and fats could not be reliably distinguished. Each individual 

spectrum with prominent features of one type was corrected for other components, thus 
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effectively separating the principal chemical compounds. Spectrum for each of the 

components with the most profound Raman bands in a specific region were isolated by 

Gaussian elimination, using experimental spectra with the highest signal. The resulting 

spectra can be seen in Fig. 1, right panel. The results were confirmed by repeating this 

analysis for three spots, on average. These isolated components were used to fit every 

spectrum of the Raman maps of bone sections, and to determine the contribution of each 

component in the composition of the bone tissue, using MLR fit, with an algorithm that we 

have developed in LabView. In addition to the sum of the four components, a simple second 

order polynomial line was sufficient to compensate for the fluorescent background, which 

resulted in highly satisfactory performance even for spots with elevated fluorescence. The 

principle of MLR fitting is described below and illustrated in Fig. 1. For more information, 

the reader can refer to the following reference whose authors have developed a similar MLR 

spectral fitting method independently [39].

Multilinear Regression (MLR) fitting

A successful fit of four pure components to Raman data for every pixel on the 81 by 81 

microns image was a result of minimizing chi-square residual for a set of 1020 equations 

(number of horizontal pixels on the Raman spectrometer CCD matrix) by Levenberg-

Marquardt algorithm for non-linear curves, such that:

f x = a0 + a1 ycollagen x   + a2 ymineral x   + a3 yfat x   + a4 yproteoglycan x   + a5 x2 + a6x

for x from 1 to 1024, where ycollagen, ymineral, yfat and yproteoglycan are intensities of pure 

component Raman curves at position of x. The results of the fit a1, a2, a3 and a4 are 

contributions of the pure components in any spot of the map. As mentioned in the text, a 

second order polynomial was added to correct for elevated fluorescent background.

Statistics

Non-parametric permutation (coded in LabView) and T-tests with Welch’s adjustment for 

differing variances have been performed on the Raman mineral, proteoglycan and fat data. 

Permutation tests tend to be exact significance tests for calculations of pooled average values 

and more robust than T-tests. For fluorescence data analysis, due to a very large number of 

points, only T-tests with Welch’s adjustment were used. Significance levels are marked as 

follows: * p < 0.05, ** p < 0.01, **** p < 0.0001. For very low p values, they are written 

directly in the figures. Error bars correspond to standard deviation of data from mean values.

Micro-computed tomography

The entire length of cortical bones used for the Raman experiments were imaged by 

microCT using Bruker SkyScan1276™ instrument. Due to a lack of abrupt shift from 

cortical to trabecular bone in bone density signal, we imaged only the areas completely 

within the cortical region. The samples for each different group were imaged simultaneously 

with voxel size of 6 microns, attenuation filters of 0.25 and 1 mm Al. Each scan was 

acquired using the settings of 55 kV, 367 ms exposure for 0.25 mm Al and 85 kV, 345 ms 

exposure for 1 mm Al, 200 μA; 0.4° step size, no detector binning and frame averaging. 
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After acquisition of images, 2D reconstruction to a 6 μm isotopic voxel size was performed 

using NRecon software and the InstaRecon processing interface with 0.5 mm fine-tuning 

accuracy. Reconstructed data was analyzed in CTAn software. To match the conditions of 

the Raman experiment, each experimental data-point was taken as the BMD value for a 1-

mm long section of the cortical bone, resulting in several sections per bone sample. The 

data-points were pooled for each sample. The final BMD values were obtained after 

appropriate calibration with primary instrument standards.

Fluorescence imaging

Nile Red fluorescent stain, which becomes fluorescent in non-polar environment (Aldrich) 

was dissolved in acetone to prepare the stock solution (8mg/ml) and then to a final 

concentration of 1 μg/mL in 5% BSA in PBS to facilitate cell permeation [48]. Samples 

were incubated in the dye solution for 10 min, followed by several washes with 5% BSA in 

PBS to remove excess dye. Images were collected using a Keyence BZ-X710 fluorescent 

microscope with 360/40 excitation and 460/50 nm emission filters and equipped with Nikon 

PlanFluor 40x NA 1.3 oil immersion lens. We have quantified osteocytic fat by measuring 

relative fat for every osteocyte from multiple images (6/6/9/10 images per group, 

respectively). This was done by placing a section across every osteocyte in ImageJ and 

calculating the relative local fluorescence intensity as (Fat(osteocyte)-Fat(baseline))/
Fat(baselne). This way, overexposure and bleaching of fluorescence were properly 

accounted for.

Results

Assignment of Raman spectra of bone components and validation with standards

The isolated spectra were obtained using an unbiased method. Confirmation of the validity 

of this unbiased method was made in the observation that the resulting full fat spectrum was 

almost identical to that of corn oil (Fig. S1) [49] or sunflower oil over the entire spectral 

range [50]. The intensity of the 850 cm−1 and 1266 cm−1 peaks suggest the fat in regions we 

determined to be osteocytes, based on comparison of optical images with those from 

literature [51], is almost purely oleic acid [52]. The spectrum is also similar to the spectra of 

visceral and subcutaneous adipose tissue [53], which themselves are almost 

indistinguishable from each other by Raman spectra. Similarly, the mineral spectrum 

contained all the characteristic phosphate and carbonate bands, as expected from literature 

[31]. The spectrum of collagen in tissue shows some variation, due to strong dependence of 

amide band intensities on fibril orientation [54], but not for our Raman maps, as the fibrils 

generally are co-aligned with the longitudinal direction of the femur shaft. The ratio of the 

1440 cm−1 CH band to amide I band at ~1640 cm−1 is consistent with a ratio of ~2.3 carbon 

atoms per one nitrogen [55]. The spectrum of bound proteoglycans was obtained by 

subtracting a spectrum with laser polarization perpendicular to the collagen fibrils, i.e. 

perpendicular to the femur shaft, from the spectrum with polarization along the shaft, as 

proteoglycan signal, unlike collagen, should not depend on laser polarization, and was 

corrected for mineral and fat signal. For example, purified proteoglycan spectra from several 

areas (Fig. S1b) show variations in the intensities of 958 cm−1, 1368 cm−1 and 1048 cm−1 

peaks, which likely correspond to C-S and C-H bands of glycosaminoglycans (Fig. S1c) and 
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local phosphorylation, respectively. However, the most pronounced features, and, 

consequently, the ones contributing the most to Raman maps, such as the low intensity of the 

amide I band and the position of the 1440 cm−1 C-H band, were very similar for most spots. 

Thus, we utilize the words “bound proteoglycans” to account for a mixture of proteoglycans 

in relatively homogeneous areas we were imaging.

Histology and optical staining further validate MLR fit and components

Demineralized cross-sections on glass slides were prepared from bones embedded in 

paraffin and stained with H&E or Bone-Inflammation-Cartilage (BIC) stain [47]. The latter 

was sensitive to proteoglycans. The adjacent sections were studied by Raman mapping. 

MLR fitting was done assuming six components: collagen, mineral, bound proteoglycans, 

fat, glass and paraffin. Raman spectra for the two latter compounds were collected from bulk 

glass slide and paraffin sections respectively. The maps of several areas within cortical and 

trabecular bone are presented in Fig. 2 and Fig. S2. As expected, glass maps correlate well 

with holes in the section. There is still residual mineral signal present throughout the 

specimens, approximately 20 times weaker than for bones that were not de-mineralized, 

with higher mineral content correlating with regions stained blue in H&E stain, as a result of 

diminished relative collagen content. The hydrophobic nature of fats, correlates well with 

maps of unwashed paraffin, making detection non-informative. Proteoglycan BIC staining in 

all images correlates with Raman maps of trabecular bone (Fig. 2, Fig. S2b,c), validating our 

initial assignment of its Raman spectrum. Profound proteoglycan content is observed in the 

growth plate regions of trabecular bone in femurs of ALDH2*2 homozygotic mice that 

consumed 20% ethanol in their drinking water for 15 weeks (ALDH2*2+EtOH).

Raman imaging shows decreased mineralization in alcohol-consuming mice, no additional 
change for mutant mice

In Fig. 3, two maps of the four component distributions from Raman were plotted for each 

condition as an example. Total values of component content were calculated by summing the 

respective relative percentages in each pixel for the Raman images (Fig. 4). Samples 

prepared in this manner are very robust, as an ALDH2*2+EtOH section was imaged fresh 

and after 30 days in air at room temperature with no significant difference between images, 

except for minimal focus drift were observed in the maps of the components or their 

integrated content (Fig. S3).

Our study shows that there is a significant difference in the relative amount of mineral and 

bone materials between mice that chronically consume ethanol and those without ethanol 

exposure. This was observed both for WT (p = 0.014) and ALDH2*2 (p = 0.05) mice 

cohorts. No significant difference in mineralization was observed between WT and 

ALDH2*2 mice, regardless of ethanol treatment (p = 0.545 (no EtOH); 0.4 (w/ EtOH)). This 

correlates well the findings of Tsuchiya et. al, which found no difference for ultimate load 

and stiffness between WT and ALDH2 knock-in mice [17], whereas ethanol-treated rodents 

generally have much lower bone stiffness and elastic modulus [19].
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ALDH2*2 mutation as well as alcohol exposure results in osteocyte fat accumulation

In addition to differences in mineralization of WT and ethanol-treated mice, there appeared 

to be a difference between fat content in bones, as determined by integrating fat content over 

the entirety of each image (Fig. 4b), although only the WT and ALDH2*2+EtOH groups 

showed statistical significance (p = 0.041) due to big data scatter. To confirm the finding of 

fat accumulation in osteocytes, we have performed fluorescent lipid staining with Nile Red 

dye [48] on the same samples, which were frozen in OCT and sliced into 8-μm thin sections 

in a microtome. Fat in osteocytes shows distinct elongated shapes (Fig. 5). The ALDH2*2 

knock-in mutation results in ~1.5 times increase in osteocytic fat (p = 6.2*10−5), the alcohol 

treatment increases fat ~3-fold for both WT (p = 4.5*10−14) and ALDH2*2 mice (p = 

5.1*10−27)(Fig. 4d). Consequently, their combination results in a cumulative effect of 4.5-

fold increase. This is in general agreement with Raman results (Fig. 4c). Fluorescence 

results, however, show that WT+EtOH samples have accumulated more fat than ALDH2*2 

samples without ethanol treatment. Since there is higher uncertainly in Raman results, we 

believe the results of fluorescence imaging are more reliable and conclusive.

Discussion

To confirm the lower mineral content of alcohol-consuming mice in Raman results, we have 

also performed micro computed tomography (microCT) experiments (Fig. 6). The BMD 

values, were lower for ethanol-consuming groups (1.428 ± 0.075 for WT+EtOH, 1.426 ± 

0.023 for ALDH2*2+EtOH), than those without ethanol in their diet (1.457 ± 0.066 for WT, 

1.447 ± 0.075 for ALDH2*2). The difference, however, was much smaller than for Raman 

results and, ultimately, was not statistically significant due to high data scatter and a small 

number of samples (p=0.2 for WT vs WT+EtOH, p=0.4 for ALDH2*2 vs 

ALDH2*2+EtOH). As with Raman, there appeared to be no difference between WT and 

knock-in mice. Different choices for the beam energy attenuation filters (0.25 mm Al, 1 mm 

Al) and density threshold in the CT analysis to include or exclude softer regions of the bone 

resulted in same or smaller difference between groups.

The lack of significant differences in mineralization, as observed in Raman and microCT 

experiments, between WT and ALDH2*2 mice, with same ethanol treatment or lack of it, 

correlates well the findings of Tsuchiya et. al, who found no difference for ultimate load and 

stiffness between WT and ALDH2 knock-in mice [17]. The ethanol treated groups had 

significantly lower mineral content in femur diaphysis. It was shown that ethanol-treated 

rodents generally have much lower bone stiffness and elastic modulus [19], decreased bone 

density and lower mineralization [56], as well as increased bone marrow adiposity [57]. 

Since the correlation of ratios of mineral to collagen Raman peaks to bone’s Young’s [58, 

59] and compression [36] moduli have been established, this allows us to conclude that 15-

week 20% ethanol treatment results in comparable decreases in bone strength for WT and 

ALDH2*2 mice alike.

Increased fat content in cortical bones, as observed from Raman and fluorescence imaging 

experiments, matches what we might expect from the ALDH2*2 phenotype of slow ethanol 

and acetaldehyde metabolism. Small islets of fat surrounded by areas of almost fat-free 

tissue are present in the images of all groups both in Raman and in fluorescence images, 
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although fluorescence appears to be worse at detecting fat in WT samples, due to 

background fluorescence signal from the surrounding tissue. These islets match osteocyte 

positions in optical images (Fig. S4), it has also been suggested recently that lipids 

accumulate in rat osteocytes [60]. The islets tend to be larger and have much higher fat 

content in ethanol-consuming and ALDH2*2 mice. This observation correlates with the 

findings of enlarged osteocytes for immobilized rats [51]. To the best of our knowledge and 

the accuracy of the experimental techniques, the data presented in the paper, for the first 

time, suggests that fat in cortical bone accumulates primarily in osteocytes and that this is 

exacerbated by ethanol consumption. Finally, our results show that bound proteoglycan 

distribution in cortical bone largely correlates with the position of osteocytes, while also 

occupying the area adjacent to it. This may be evidence of osteocyte “tethering” to the 

canaliculi walls, as first demonstrated by You et al. [61]. Our work suggests that 

proteoglycans may indeed be this tether, and further study will be needed to determine their 

exact identity.

Food consumption, liquid intake, mouse mass, and blood alcohol content was measured 

earlier [40] for the same wild-type C57BL/6 mice as used for this study (Fig. S5). Our 

results showed the same caloric and liquid intake in ethanol and water treated mice. 

Additionally, previous studies found that the Cook-Meadows model of chronic alcohol abuse 

had no significant change in mass of ethanol-treated (20%, final w:v concentration). 

C57BL/6 mice compared to mass of non-treated mice over a 12 week period [62]. 

Additionally, this study demonstrated the tolerance of multiple final concentrations of 

ethanol in seven murine strains. It was shown that 20% ethanol was the highest tolerance 

that C57BL/6 mice could handle without adverse effects. Multiple studies where 20% 

ethanol was administered by the Cook-Meadows model (single bottle, no choice method) 

have been reviewed in D’Souza et al. [63]. Similarly, our experiments on ALDH2*2/2 mice 

show that they could handle the 20% ethanol administration without a significant loss of 

weight (Fig. S5c). Thus, the mice did not experience any significant caloric restriction that 

would cause significant fat infiltration into bone, which suggests the changes in bone 

composition we observe come primarily from ethanol consumption.

The advantages of simultaneous Raman mapping and MLR analysis of collagen, mineral, 

bound proteoglycans and fat components in mouse leg longitudinal bone sections even for 

samples with elevated fluorescence are numerous. The current study required relatively 

simple sample preparation and instrumentation that is commonplace and less expensive than 

microCT. The spectra acquired from bone samples were analyzed by fully automated and 

unbiased baseline correction algorithms and were consistent for all samples measured 

irrespective of measurement conditions. Consequently, relative content of these components 

can be directly compared between samples, which is more accurate than comparing ratios of 

collagen amide-I and mineral phosphate bands that has been reported in literature to date. 

Higher spectral and spatial resolution than FTIR imaging allows visualizing morphologic 

features not able to be observed with FTIR, such as fat. Finally, a more in-depth analysis of 

component distribution is possible when additional isolated component spectra are 

introduced, (e.g. different types of matrix collagens, adipose tissues, mineral sub-

components).
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In summary, we have studied the effects of sustained ethanol consumption on femur 

diaphysis mineralization in WT and ALDH2*2 knock-in mice that were generated from 

C57BL/6 mice by using homologous recombination to replace the mouse ALDH2 allele 

with the mutant E487K ALDH2 mutant allele. Differences were observed in color staining 

and microCT experiments; fluorescence and Raman imaging showed significant differences 

in bone composition. Raman imaging and subsequent MLR analysis produced relative 

compound content images with qualitative results which were in agreement with those 

obtained with other techniques. Moreover, the compound maps visualized the general 

localization of fat and proteoglycans to osteocytes. Our results show that a 15-week 

consumption of 20% ethanol by both WT and ALDH2*2/*2 mice resulted in a significantly 

decreased mineral content and increased collagen content in bones. Fat content has also been 

found to be increased in ALDH2*2 mutant mice and a cumulative effect is observed in those 

consuming ethanol. Fat accumulation and relevant proteoglycan rearrangement can be the 

elusive factor making otherwise compositionally similar bone much more brittle. Carriers of 

the inactive ALDH2*2 gene have a three-fold increased adjusted odds for developing 

osteoporosis [13] and high risks of hip fracture [14]. This can have important immunological 

implications, as it was shown that there is a solid correlation between tumor necrosis factor 

(TNF-α), interleukin-6 (IL-6), and C-reactive protein and plasma levels of free fatty acids 

[64].
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Fig. 1. 
Example of Raman spectra from two spots within a bone section (left panel): raw data (black 

curve) and MLR fit (red curve) as a sum of purified spectra for the major sub-components of 

Raman spectra (right panel). Spot #1 is from an osteocyte location, spot #2 is typical of cell-

free mineral/collagen matrix
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Fig. 2. 
MLR fit maps for sections made from bones embedded in paraffin
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Fig. 3. 
Selected MLR fit maps (two for each condition) of bone, mineral, bound proteoglycan and 

fat components for four different types of mouse femur samples: WT, WT and ethanol 

treatment, ALDH2*2/*2, ALDH2*2/*2 with ethanol treatment, as indicated. All vertical 

contrast scales are matched in each row. Green arrow marks typical osteocytes in WT and 

ALDH2*2/*2 samples, the latter also corresponds to the spot for the Raman spectrum of fat 

in Fig. S1a
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Fig. 4. 
Raman and fluorescence imaging was performed for regions in the middle of the cortical 

bone. Relative collagen, mineral, fat and bound proteoglycan content for four types of 

mouse femur samples: (a) collagen, mineral relative content for the individual groups, (b) fat 

relative content for the individual groups, (c) bound proteoglycan content for the individual 

groups. (d) Average normalized magnitude of fat signal inside osteocytes. Every data-point 

represents one osteocyte. Error bars are mean values ± SD. Number of individual animals is 

9 for WT and 3 per other groups. Statistical significance was measured using non-parametric 

permutation tests (a-c) and t-tests with Welch’s adjustment for differing variances (d). 

Significance levels are marked as follows: * p < 0.05 (mineral WT to WT+EtOH), **p < 

0.05 (proteoglycan WT to WT+EtOH)
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Fig. 5. 
Maps of Nile Red fluorescent stain for WT, WT+EtOH, ALDH2*2 and ALDH2*2+EtOH 

sections, showing elevated fat content in osteocytes for mice consuming alcohol and those 

with ALDH2*2 mutation. Scale bar is 50 μm. The quantified data is shown in Fig. 4d.
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Fig. 6. 
(a) Bone mineral densities of 1 mm-long subsections along three WT bones, overlaid on top 

of front maximum intensity projection, top-view single X-Ray section is shown to the right 

of the graph (b) Bone mineral density for four sample types with symbols for every 1 mm 

section, showing the same trend as Raman data, but lack of statistical significance between 

groups, as measured by Wilcoxon independent test. Dashed line added as guide for the eye
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