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Abstract

Raman spectroscopy has previously been applied for studying lipid metabolism. In this
study, a ball lens-installed hollow optical fiber Raman probe (BHRP) was used for the
noninvasive measurement of skin lipids in hamsters. Our analysis suggested that multi-
unsaturated lipids, once converted into a structure containing conjugated double bonds, were
oxidized into form peroxides. These results were applied for analyzing lipid metabolism in
adipose and skin tissues in hamsters fed tricaprin, saturated medium-chain triglycerides and
trilinolein, unsaturated long-chain triglycerides fat diets. Unsaturated lipids formed conjugated
structures in skin tissue but not in adipose tissue. Principal component analysis (PCA) revealed
that the dietary fat intake correlated strongly with lipid composition in body and skin tissues.
Hence, the present results successfully demonstrate that Raman spectroscopy with a BHRP can

be a powerful tool for analyzing lipid metabolism.
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Introduction

FAO recently addressed the challenge of preventing and controlling non-communicable
diseases (NCDs) in its 2014 global forum. NCDs including diabetes, heart disease, and cancer,
are among the leading causes of death globally. One of the leading factors accounting for NCDs
is obesity. The major cause of obesity is an unhealthy or high-fat diet. A study conducted from
1990 to 2010 revealed that the global body-mass index increased continuously over this period.'
Several studies have suggested that a reduction in saturated fat (e.g. butter or margarine) intake,
with a concomitant shift to unsaturated fat consumption (e.g. olive oil and fish oil) reduced LDL
cholesterol and postprandial blood glucose levels, consequently lowering the risk of heart
disease. > However, not all trans-fat is culpable for obesity-linked diseases. For example,
tricaprin (TC), having trans-medium chain fatty acids (MCFA) found abundantly in milk fat and
coconut oil, is beneficial in increasing high-density lipoprotein levels.* Dietary fats are generally
long-chain triglycerides (TGs) with long chain fatty acid (LCFA) chains which has 14 or more
carbon atoms. In contrast, medium-chain TGs are composed of MCFAs with 8 or 10 carbons.
They are metabolized differently.” MCFAs are highly susceptible to breakdown as a “ready-to-
use” fat. These facilitate oxidation reactions in the liver and release energy more readily.””’
Trilinolein (TL), having unsaturated LCFAs, has also been reported for its beneficial effects as a
mediator of inflammatory responses, and for maintaining healthy skin conditions.® Thus, the
metabolism of fats with different chain length and saturation attracts keen attentions of
researchers.’

In the present study, we applied Raman spectroscopy for the study on the fat metabolism.
Raman spectroscopy had been successfully applied for studies of the skin of which ranging from

thickness of the stratum corneum to the effects of skin lipid content on aging.'>'* Subcutaneous
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adipose tissue isolated from different species (pigs, chickens, sheep, and cows) have been used to
classify the fat-type and predict the amount of fatty acid with 99.6% and 80%—-97% accuracy

P14 Muik et al. reported the lipid degradation in vegetable oil using Fourier

respectively.
transform (FT-) Raman spectroscopy.'> Their results demonstrated the feasibility of Raman
spectroscopy to detect the changes in 6 vegetable oils with varied unsaturated fatty acid heated to
160°C. The conjugated diene moiety was reported as a marker for early stage of lipid oxidation.
A ball lens-installed hollow optical fiber Raman probe (BHRP) would be a powerful tool for
analysis of fat content in the skin.'®'” In the previous report, BHRP successfully detected
colorectal tumor advancement in live animals.'®

Here, we aimed to evaluate the relationship between dietary fat and skin lipids at the
molecular level using the Raman analysis. The metabolic and digestive reactions for LCFA and
MCFA function through different pathways and have different endpoints. For example, TL
which possesses three LCFAs, passes through the lymphatic system and is stored mainly in
adipose tissue.”® Most part of the MCFA are transported via the portal vein to be oxidized in the
liver while small portions are packed together with LCFA in chylomicrons which is a lipoprotein
transporting lipids in lymphatic vessels."

In the present study, we demonstrate the potential of Raman spectroscopy in a real time,
in situ analysis of fat accumulation in the body and skin, especially with a BHRP. The BHRP
allowed us to obtain high quality Raman spectra of the live animal skin in the totally

nondestructive manner. The knowledge on the fat metabolism for body and skin fats and the

feasible measuring technique can be used as an alternative intervention for lipid control.

Materials and methods
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Animals

Six-week-old Golden Syrian hamsters were obtained (SLC, Shizuoka, Japan). The weight
of the hamsters at the beginning of experiment was ranged from 70 to 110 g. All animals (n = 18)
were randomly assigned to control or TL- or TC- (TCI, Tokyo, Japan) treated groups. Distilled
water for drinking, and TL and TC supplements were newly prepared every day to avoid any
kinds of degradation and contamination. The amount of TL and TC supplements were
recalculated daily to be approximately 0.5% of each hamster’s body weight. Supplements were
orally administered between 13:00 and 15:00 hours daily. Picolab Rodent Diet 5053 (LabDiet”,
St. Louis, MO, USA) was fed to all treatment groups also. Food and water were available ad
libitum, except during oral fat administration. Hamster weight and food intake levels were
measured daily to observe abnormalities from oral fat administration. This study was approved

by the ethics committee of Kwansei Gakuin University.

Raman measurements

A 785-nm diode laser (Toptica Photonics, Munich, Germany) coupled with a single
polychromatic Raman spectrometer (F4.2, focal length 320 mm, 750-nm blazed 600 lines'mm™
grating; Photon Design Co. Ltd., Tokyo, Japan) and a charge coupled device detector (DU420-
BRDD; Andor Technology Co. Ltd., Northern Ireland) were used for the Raman measurements
(Fig. 1A). For measuring hamster abdominal skin and visceral adipose tissue, the laboratory-
made BHRP was used. The probe consisted of a sapphire ball lens 500 um in diameter (Edmund
Optics, USA) and a hollow optical fiber with a 340 um inner diameter (Doko Engineering LLC,
Miyagi, Japan), with a maximum thickness of 640 um. The BHRP was coupled to the

spectrometer through a long-pass filter (LF; Semrock, USA), a notch filter (NF; Kaiser Optical
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System, USA), and a coupling lens (CL) to focus the laser into the hollow optical fiber. The
spectral resolution was approximately 10 cm™ with a slit-width of 100 pm.

An inhalation anesthesia apparatus (SurgiVet, USA) was used to anesthetize hamsters
with 2.0%—-2.5% isoflurane (Mylan, Japan). A heating bed (37°C) was used to prevent
hypothermia and maintain physiological skin condition. The abdominal region of the hamsters
was shaved and cleaned with ethanol (70%). The skin spectra were acquired by two 30-second
measurements using a 50-mW excitation light. After skin spectra measurement, hamsters were
euthanized using excess isoflurane. The abdominal adipose tissue was then dissected and
analyzed. The dissected tissues were stored in -80°C to prevent lipid oxidation.

Lipid oxidation in fatty acids was observed using the same spectrometer described above
and the microscope was coupled with an objective lens (%20, N.A. 0.4, Mitutoyo, Japan) in place
of the Raman probe. To observe the auto-oxidation of lipids, cis-9, cis-12-18:2 linoleic acid (LA)
and cis-9-18:1 oleic acid (OA) were spotted on an open-air dish and kept in a CO, incubator
(37°C, 100% humidity) for up to 7days. The Raman spectra of these lipids were recorded at 0, 1,
2 and 7™ day. The spectrum of trans-10, cis-12-18:2 conjugated LA was also measured with this
setup. The structures of LA (a) and conjugated-LA (b) are shown in Fig. 1B. All fatty acid

samples were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Data analysis
Raman spectra were corrected for background due to the materials of the sample
container; quartz or aluminum, and BHRP. Spectra were then baseline-corrected with a 5"

polynomial line fit. The spectra of in vivo skin measurements were then normalized to the

phenylalanine band near 1003 cm™ to correct the spectral intensity. The spectra of adipose tissue
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and lipid oxidation were normalized using 1440 cm™ of CH, band. The areas under the spectra
were deconvoluted by Lorentzian curve fitting to estimate the band area. Further spectral
processing was carried out using MATLAB (The Mathworks Inc., MA, USA) and Unscrambler

(CAMO Software AS., Oslo, Norway).

Results and Discussion
Lipid peroxidation

During the oxidation process, a fatty acid chain is often break down into a peroxide.
Lipid peroxidation is involved in many biological processes including lipid degradation, lipid
and metabolization.” Figure 2 shows the Raman spectra of LA (a) and OA (b) kept in a dark
incubator. The spectra were measured at 0, 1, 2, and 7 days and their intensities were corrected
with a standard band at 1440 cm™. Bands at 1655 and 1440 cm™ are assigned to a vinyl C=C
stretching mode and C-H deformation modes of the CH, and CH3 groups. The intensity ratio of
these bands is often used to evaluate unsaturation in oil products.””?' Bands at 1300 and 1264
cm™ are assigned to =C-H and C-H deformation modes of the fatty acid chain. The overlapping
spectra of LA show large alterations in its features during the auto-oxidation. A broad band at
865 cm™ is due to the O-OH stretching mode of peroxide. (Supplementary information Fig. S1)
Remarkably, the intensity of the band at 1655 cm™ increased over time. This result strongly
suggests that the structure of unsaturated LA was transferred from cis-9, cis-12 form to the
conjugated form during the initial auto-oxidation process. A Raman spectrum of conjugated-LA
is depicted in Fig. 2 (c). It shows a remarkably strong band at 1655 cm™ that is due to a similar
C=C stretching mode but indicates conjugated double bonds. These results reveal that the

oxidation process was initiated by the dislocation of the double bond in the fatty acid chain. In
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the LA spectrum at day 7, a band due to peroxide appeared at 865 cm’ and the band at 1264 cm™
showed reduced intensity, indicating that the double bond was cleaved.”? Hence, the second
oxidation stage occurred following the conjugation process. Furthermore, the band at 1264 cm™
did not increase with the conjugation process and did not resemble the band at 1655 cm™. This
occurs because the hydrogen atom bound to the carbon atom is isolated from the conjugation
system. The band intensity did not increase regardless of the structural changes. Hence, the band
resulting from the =C-H bending mode is a better marker to evaluate the unsaturation of the
lipids than that at 1655 cm™. The Raman spectra of OA in Fig. 2 (b) shows small changes in
contrast to those of LA. Because OA possesses one double bond, trace changes were observed in
band intensities at 1655 and 1264 cm™ during the 7 days of auto-oxidation. Besides, the band due
to the peroxide group at 865 cm™ did not appear in the spectrum, strongly suggesting that the
double bond in the conjugation system is easily oxidized compared with the independent double
bond in OA.

It was also reported that the conjugated diene structure was an indicator of early stage

lipid peroxidation.>***%

The present results are in concordance with the scheme of auto-
oxidation in multi-unsaturated lipids. When the lipid has a fatty-acid chain with multiple double
bonds, the double bonds require a conjugation system in the chain to reduce the potential energy
in the first oxidation process. The conjugated double bonds are rich in m-electrons and the
surrounding carbon atoms have a lower density of electrons. This area has a high reactivity and
is easily attacked by oxygen, which may be a radical oxygen, to form peroxides, which
constitutes the second oxidation process. The peroxyl radical of the lipid can attack its adjacent

components including fat or protein membranes.** The radical oxygen species (ROS) such as

hydroxyl radical and hydroperoxide are prevalently involved in the lipid peroxidation
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mechanism. The polyunsaturated fatty acids yield highly susceptible to ROS attack. The
ROS reaction comprises 3 steps; initiation, propagation and termination. During the

initiation step, the conjugated diene are formed as the hydrogen abstraction occurs. The

conjugation system is regarded as an indicator for early stage of lipid peroxidation.”>*

Ratios of the band-area intensities of the bands at 1655 and 1264 cm™ (T16s55/1264) Were
compared between OA and LA during the auto-oxidation process in Fig. 3A. The overlapping
two bands from 1200 to 1350 cm™ were deconvoluted by Lorentzian function curve fitting. The
maximum value of Ij4s5/1264 Was 3.16, which is estimated from the spectrum of the completely
conjugated LA (Fig. 2(c)). The minimum value appeared to be 1.12 £ 0.01 for LA and 1.52 +
0.01 for OA. The difference in these Ij455/1264 values for OL and OA probably attributes to an
overlapping band due to the C=0 stretching mode of dimerized LA or OA on the band at 1655
cm’™’. The Li655/1264 value increased drastically only for LA (up to 2.61 £ 0.28) along with the
auto-oxidation. These findings suggest that LA is converted to conjugated-LA. Hence, I;¢55/1264 1S
a good marker for evaluating the extent of conjugated double bonds produced in the first
oxidation process of lipids. Therefore, the band at 865 cm™ is also a good marker for evaluating

the peroxidation of lipid produced in the second oxidation process.

The lipid accumulation effect on adipose and skin tissues

Excess dietary-fat intake in rodents and humans was reported to induce mitochondrial
H,0, emission, which is the key player of lipid oxidation in skeletal muscle.”’ Kusminski et al.
suggested that excess lipid intake can stimulate the mitochondrial electron transport chain (ETC)
activity.”” ETC is a major producer of reactive oxygen species (ROS) in adipocytes, which

induce ROS production. According to the studies using 3T3L1-adipocytes, ROS production was
9
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31,32 Therefore, the cellular

increased when these cells was cultured under high-fat conditions.
lipid content in the adipocyte is oxidized by ROS and reactive aldehydes, resulting in the
production of peripheral components. Previous study has suggested that the adverse effect of
dietary fat is not only obesity but also the side-effects resulting from the fat oxidation, which
should also be considered.*

In this study, the dissected adipose tissue were measured directly in contact with a BHRP.
Working distance and sampling volume of the BHRP are 58 pum and 46 pm (FWHM),

117 The sampling volume of BHRP, which was ~50 pm in diameter, is much larger

respectively.
than the size of the cell, suggesting that the spectrum represents the adipose tissues well. The
mean spectra of adipose tissues isolated from the controls, TC-, and TL-fed groups measured at
the 6™ week are depicted in Fig. 4(a). There is no sharp band observed at 1003 cm™ due to
phenylalanine which is characteristic for protein. The spectra mostly arise from lipids, suggesting
that it is possible to ignore the effect of protein and any other tissue materials in the following
analysis. The spectral intensities were corrected with a standard of the band at 1440 cm™ because
it represents the total amount of organic materials in the sample. The spectra show a band at
1742 cm™ due to the C=O stretching mode of the ester group in the TG component. Bands at
1655, 1440, and 1264 cm™ are assigned to the C=C stretching mode, C-H bending mode of CH,
and CHj3 groups, and =C-H bending mode. The subtracted spectra (Supplementary information
Fig. S2) of the fat-fed groups and control group showed small bands at the 1655 and 1264 cm™.
They are in positive and negative direction in the difference spectra of the TL- and TC-treated
samples, respectively. This finding indicates a reduction and increase in the total number of C=C

bonds in the adipose tissue of TC- and TL- fed animals, respectively; however, the difference

was too small to discuss in detail with regard to the subtracted spectra. The Ij4ss5/ 1264 Value of

10



Page 11 of 26

©CoO~NOUTA,WNPE

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

Analyst

these spectra are compared in Fig. 3B, which does not show any significant difference up to 6
weeks, suggesting that the oxidation process of lipids proceeds in a remarkably slow manner in
adipose tissue. ROS scavengers, such as carotenoids and vitamin E, may reduce lipid oxidation.**

The spectra measured in the hamster skin of the control, TC-, and TL-groups are depicted
in Fig. 4(b). A band at 1655 cm™ is assigned to an amide I mode of protein, which is much
broader than the band due to C=C stretching mode of lipids. Bands arising due to protein are
observed at 1263 and 1003 cm™, which are attributed to the amide IIT mode and phenyl ring
mode of phenylalanine. Strong features appearing from 800 to 950 cm™ are assigned to the
proline and C-C skeletal modes of collagen and keratin. It should be noticed that the bands in
1655 cm™ region can be assigned to both C=C and amide I modes as both of which are
overlapped. The Raman spectra measured from the stratum corneum was reported to yield
composition of ceramide.** However, the band at 1742 cm™ assigned to TG is faintly observed in
the skin spectra, indicating that the spectra have contribution from TG rather than ceramide. The
main producer of TG in the skin is the sebaceous gland, which is resided in the dermis layer of

the skin. This suggests the working distance of BHRP deep down into the dermis layer.'®"

Chemometrics analysis

We employed PCA to analyze the spectral changes in detail. Partial least square
regression (PLSR) analysis was also used for supporting the PCA results. To investigate adipose
tissue in detail, all the spectra (n = 135) obtained from 18 animals (control: 6; TC: 6; TL: 6) were
subjected to PCA. Figure 5 shows PC1 scores (A) of each sample and loading plots (B) of the
PC1. Judging from the spectral feature of the PC1 loading plot, PC1 mainly represents the

unsaturation of fatty-acid chains. It shows strong positive bands at 974, 1264 and 1655 cm™,

11
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which are assigned to vibrational modes of double bonds. At the 2™ week, there are no obvious
differences observed in the score plot between the datasets for control, TC-, and TL-fed tissues.
Along with the term of feeding, the dataset of the TC group has lower, while that of the TL
group has higher PC1 scores than the control. This clearly suggests that dietary fat is
accumulated directly in adipose tissues. We assigned -1, 0, and 1 for dependent variables of the
TC, control, and TL datasets of 6" week and calculated a PLSR-discrimination model. The R
square value for leave-one-out cross validation was more than 0.96 for the model constructed
only with the factor 1. The loading plot of the factor 1 (Supplementary information Fig. S3) is
very similar to that of the PC1. Thus, implying that the accumulation of dietary fat results in a
much larger perturbation than that due to individual synthetic lipid characters. Factor 2 seemed
to reflect the frequency shift of the bands, which may be attributed to the transformation between
trans- and cis- forms of the double bonds. These changes are presumably due to the difference in
chain length of TL and TC.

Interestingly, TC (MCFA) is reported to be primarily modified by B-oxidation and be
taken into the metabolic lipid circulation rather than accumulated in adipose tissue.”® However,
the present result suggests that a relatively large portion of the dietary TC can be stored in the
body adipose tissue, which can affect the total amount of TG. Although less than 10 % of MCFA
in the post-prandial stage is incorporated into chylomicron-tryglyceride, the adipose tissue

3536 The accumulation of

preferentially uptake the fatty acids via the chylomicron-triglyceride.
TC in adipose tissue was found solely in the TC-treated group, that is also confirmed by gas

chromatography. (Supplementary information Fig. S4). The present results confirmed that TC

cannot be synthesized in the body but the ingested TC can be accumulated in the body.

12
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The Raman spectra of the skin of hamsters fed TL and TC are compared with the control
spectra using PCA. The PC1 scores are plotted against the sample number in Fig. 6A-C and their
loading plots are shown in Fig. 6D. Because the spectral intensity was standardized with the
band at 1003 cm™ owing to the phenylalanine group of protein, a very small contribution from
protein is observed in the loading plots and the spectral changes are largely due to the variation
in the lipid concentration of the skin sample. Indeed, the features of the PC1 loading plots are
similar to that of the adipose tissues in Fig. 4(a). The spectral features of TG are concealed
behind the strong contributions of other major components such as protein, making it difficult to
analyze the lipid oxidation directly in the original skin spectra (Fig. 4(b)). However, the
explained variances of PC1 are 54%, 46%, and 78%, suggesting that the lipid composition in
skin is strongly influenced by body fat composition. The Ij6ss/1264 Values calculated for the PC1
loading plots (Fig. 6E) increased slightly with the feeding terms, suggesting that the conjugation
process proceeds on the skin surface in a time-dependent manner. According to the PLSR-
discrimination analysis, R square values for the model and leave-one-out cross validation results
were 0.22 and 0.18, respectively, for the model obtained with only factor 1. (Supplementary
information Fig. S5) The low R square values imply that the composition of sebum does not
have a simple linear relation with the dietary fats. Wax esters which account for approximately
25 % of sebum lipids are synthesized only by sebocytes.’” It suggests that the sebum lipid has a
higher content of synthesized fat chains by sebocytes. On the other hand, the variance of the TC
or TL dataset is smaller than that of control dataset in the score plot for the dataset of 6™ week in
Fig. 6C. It suggests that sebocytes in sebaceous gland prefer to capture fatty acids directly from
blood and/or lymph, although they are capable of synthesizing various TGs. The loading plot of

factor 1 in PLSR analysis showed a large contribution of lipid but was not similar to that of PCI.

13
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The loading plots of factor 2 and 3 had contribution of collagen and/or keratin in 700-850 cm’
region, which may suggested the relation between fat accumulation and hyperkeratinization.38
Makrantonaki et al. suggested that an increased dietary fat consumption can modify the
composition of sebum from sebaceous gland.” The sebaceous gland releases sebum through the
follicular duct to the uppermost skin layer, where several factors can induce the lipid oxidation

S.** The present findings and

including Propionibacterium acnes, UV exposure, or natural RO
the previous studies suggest that skin lipids become more sensitive to the oxidation process than

the body adipose tissue as hamsters grow older.

Conclusion

The present results suggest that dietary fat intake correlates strongly with lipid
composition in adipose tissue and on the skin. Analysis of skin lipids gives information about
lipid accumulation within the body and individual dietary habits. The present study also
demonstrates that Raman spectroscopy with a BHRP is a powerful tool to non-invasively analyze
skin lipid composition. It is generally accepted that unsaturated fat is sensitive to lipid
peroxidation. Raman spectral analysis of lipid auto-oxidation clearly indicates that multi-
unsaturated lipids, such as LA, are converted to conjugated unsaturated structures during early-
stage oxidation and then proceed to the peroxidation process. Therefore, the oxidation rate of LA
was comparatively higher than that of OA. The area ratio of the bands at 1655 and 1264 cm’
(I16ss/1264) Was a good marker to monitor the formation of the conjugation system in multi-
unsaturated lipids, and the peroxide band at 865 cm™ was a marker band for lipid oxidation.
These findings were then applied during analysis of lipid accumulation in the adipose tissue and

skin of hamsters fed a high saturated fat (TC) and multi-unsaturated fat (TL) diet. Results

14
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showed that conjugated unsaturated lipids increased in the skin and adipose tissue of the hamster
over time. The accumulation of TC (MCFA) in adipose tissue was observed only in the TC-
treated group, suggesting that TC cannot be synthesized in the body but the ingested TC can be
accumulated in the body. PCA results suggested lipid accumulation in skin as well as body
adipose tissue originated from dietary fat. The change in lipid accumulation affected not only fat

density but also the lipid oxidation process within adipose tissue.

15
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Schema of the Raman system (A). It comprises a ball lens-installed hollow optical fiber
Raman probe (BHRP), coupling lenses (CL), Long-pass filter (LF), and notch filter (NF).
Structures of cis-9, cis-12 (a) and trans-10, cis-12 (conjugated; b) LA are depicted in
figure (B).

Overlapping spectra of LA (a), and OA (b) measured under auto-oxidation at 0, 1, 2, and
7™ day, and a spectrum of the fully conjugated LA (trans-10, cis-12; c)

Li655/1264 Values of OA and LA under auto-oxidation at 0, 1, 2, 7t days are shown in graph
A. The Iies5/1264 values are also calculated for control, OA-, and LA-fed hamsters
measured at 2, 4, and 6 weeks (B).

The overlapping spectra of adipose (a) and skin (b) tissues measured for control, TC-, and
TL-fed hamsters.

PCA score plots (A) for PC1 of adipose tissue datasets obtained from TC, control TL
treated hamsters at 2, 4 and 6™ weeks. Loading plots of PC1 and 2 are depicted in (B).
PCA score plots for PC1 of skin tissues obtained from control (m), TC (0)-,and TL (A)-
treated hamsters at 2 (A), 4 (B), and 6 (C) weeks. Loading plots of PCls (D) depicted for
ond (a), 4t (b), and 6 (c) week and the 14551264 values (E) calculated from the loading

plots.
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