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Light-emitting diodes (LEDs), particularly in the blue waveform range, are regarded as a major source of
circadian rhythm dysregulation. A circadian rhythm dysregulation induced by blue LEDs is associated with
non-alcoholic fatty liver disease (NAFLD). Hepatocellular accumulation of lipids is a key event in the early
stages of NAFLD. Kupffer cells (KCs) have been reported to be lost in the early onset of NAFLD followed
by an inflammatory reaction that alters the liver response to lipid overload. This study focused on the
detection of the initial stages (subpathological stages) of LED light-triggered NAFLD. Mice were exposed
to either blue or white LED irradiation for 44 weeks. Synchrotron radiation-based Fourier-transform infra-
red microspectroscopy (SR-FTIRM) and wax physisorption kinetic-Fourier transform infrared (WPK-FTIR)
imaging were used to evaluate the ratio of lipid to protein and the glycosylation of glycoprotein, respect-
ively. Immunohistopathological studies on KCs and circadian-related proteins were performed. Although
liver biopsy showed normal pathology, an SR-FTIRM study revealed a high hepatic lipid-to-protein ratio
after receiving LED illumination. The results of WPK-FTIR demonstrated that a high inflammation index
was found in the high irradiance of the blue LED illumnation group. These groups showed a decrease in
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KC number and an increase in Bmall and Reverba circadian protein expression. These findings provide
explanations for the reduction of KCs without subsequent inflammation. A significant reduction of Per2
and Cryl expression is correlated with the findings of WPK-FTIR imaging. WPK-FTIR is a sensitive method
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1. Introduction

Visible light can induce non-visual effects in mammals.
Visible light entering the eye is sensed through the retina,
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for detecting initiative stages of NAFLD induced by long-term blue LED illumination.

which regulates the circadian rhythm via the hypothalamus-
pituitary-adrenal axis." In the retina, the photopigment of
visible light, melanopsin (OPN4), is expressed in photosensi-
tive retinal ganglion cells, which are involved in the regulation
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of circadian rhythms.> Melanopsin absorbs light in the short
wavelength of the visible spectrum, with maximum sensitivity
to blue light.®> The circadian rhythm is a biological process
involved in 24 h behavior and physiology in living organisms.
In mammals, the circadian timing system is composed of a
network of clock-controlled genes (CCGs) and an auto-regulat-
ory feedback loop within most cells and tissues throughout
the body. Physiological circadian rhythm activity or stability
can be regulated in the suprachiasmatic nucleus (SCN) of
the hypothalamus by the effect of light exposure through the
eyes.” The interconnected transcriptional and post-transcrip-
tional loops play vital roles in generating and maintaining a
circadian rhythm, including brain and muscle ARNT-like 1/cir-
cadian locomotor output cycles kaput (Bmall/CLOCK), the
repressor complex Period (Per1l/Per2), and Cryptochrome
(Cry1/Cry2). The core transcription factors Bmall and CLOCK
exist as a heterodimer and are first regulated by CCGs. Perl/
Per2 and Cry1/Cry2, which are also the targets of Bmall, play
roles in the negative regulation of Bmall expression.>® Nuclear
hormone receptors Rev-erba (repressor) and Ror (activator)
form an additional stabilizing loop with Bmall to fine-tune
the precision regulation of the clock.* In mammals, these net-
works of circadian clocks are arranged in a hierarchical struc-
ture with a “master” circadian pacemaker located in the SCN,
and tissue-specific peripheral oscillators located throughout
the rest of the body with the function of controlling the local
aspects of physiology. The mammalian circadian clock coordi-
nates the diverse physiological processes by regulating the
autonomic nervous system, metabolism, and immune
responses.’ Artificial lighting allows people to extend daytime
activity into the night. In industrialized countries, 75% of the
total workforce is estimated to have been involved in shift
work and night work.® Shift work is a complex lifestyle that to
some degree includes exposure to circadian disruption, sleep
disturbance, altered phase-angle of entrainment, and psycho-
logical stress.” Light-emitting diodes (LEDs) are widely used in
electronic devices and are regarded as a major source of circa-
dian dysregulation in modern societies. Although the light
emitted by most LEDs appears white, LEDs have peak emis-
sion in the blue range.'® The shift work associated with the
disruption of the circadian rhythm'' has been linked to
increased risks of cancers, diabetes, obesity, coronary heart
disease, and stroke,” as well as a high mortality rate associated
with the dysregulation of innate immunity.® The circadian
clock circuity plays a significant role in the control of the
innate immune system’s function.'>** In circadian disruption,
macrophages play a pivotal role in inflammatory immune
responses.

Non-alcoholic fatty liver disease (NAFLD) is the most
common chronic liver disease in industrialized countries.'®
NAFLD is a spectrum of disorders, beginning as simple steato-
sis, which may progress into steatohepatitis and fibrosis, often
resulting in cirrhosis and even hepatocellular cancer.'”
Hepatocellular accumulation of lipids is a key event in the
early stages of NAFLD, while progression to steatohepatitis is
strongly associated with inflammation. Kupffer cells (KCs),
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known as hepatic resident macrophages, are localized within
the lumen of the liver sinusoids. KCs are thought to play a
key role in this progression.'® There is still only limited knowl-
edge of the relationships between circadian dysregulation and
KCs.

Glycosylation of proteins is one of the most critical roles of
posttranslational modifications in cellular biology, cell differ-
entiation, growth, malignant transformation, cell-matrix inter-
actions, and disease progression.'® Aberrant protein glycosyla-
tion associated with the neo-synthesis and incomplete syn-
thesis can cause elongated or branched protein-linked glycan
residues of glycoprotein in cancer development.*® An altera-
tion of the chain length of the glycan residues of glycoconju-
gates anchored in the cell membrane and tissue has been
associated with inflammatory diseases.”® Synchrotron radi-
ation-based Fourier-transform infrared microspectroscopy
(SR-FTIRM) and wax physisorption kinetics-Fourier transform
infrared (WPK-FTIR) imaging were conducted for liver tissue
section and cell surface glycoprotein analysis®* and used to
investigate the accumulation of lipids and glycogen in the liver
tissue and to assess the inflammation status of liver tissue.

This study aims to explore the effects of chronic circadian
dysregulation induced by LED illumination on the subpatholo-
gical stages of NAFLD in mice. We found that SR-FTIRM and
WPK-FTIR imaging revealed a higher ratio of lipid to protein
(L/P) and inflammation indices in the hepatocytes of the blue
LED illumination groups. These findings are correlated with
the reduced KC number without subsequent inflammation
and circadian protein expression in the liver. Noteworthily, the
initial stage of NAFLD was submicroscopic. The population of
lipid droplets should be lower and the diameter of lipid dro-
plets should also be small in hepatocytes in the initial phase
of NAFLD disease and they are too small to be seen with a
light microscope. Therefore, WPK-FTIR imaging is a precise
and sensitive method for the detection of the initial stages of
NAFLD induced by LED illumination.

2. Materials and methods

2.1. Animals

Wild-type male C57BL/6 mice were purchased from the
National Laboratory Animal Center, National Applied Research
Laboratories, Taiwan. The mice were housed in a humidity
(40-60%) and temperature (22-26 °C)-controlled room with a
12 h light and 12 h dark cycle. The animals were provided with
food and water ad libitum, all possible efforts were made to
minimize animal suffering and all procedures were performed
in a coded and blinded manner and in accordance with the
ethical guidelines related to laboratory animals of the Institute
Animal Care and approved by the Animal Ethics Committee of
Kaohsiung Medical University (#108130).

2.2. Light illumination

Two customized light-boxes with adjustable-intensity LEDs on
the ceiling were utilized. LEDs of blue light (473.0 + 12.0 nm,
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Fig. 1 LEDs of (A) blue light (the major spectrum of electronics) and (B)
white light were used.

the major spectrum of electronic devices) and white light (the
major spectrum of lightbulbs, consisting of around 17.4%
blue light) were used in this study (Fig. 1). The lighting proto-
cols involved the following factors: (1) the regular office days
per week and (2) long-term night-shift work. Moreover, our
pilot study showed that short-term LED lighting did not affect
lipid and glycogen accumulation as well as the changes of the
gut microbiota (unpublished data). Accordingly, the mice were
exposed to blue LED illumination (3.6 ] cm™> or 7.2 ] cm™2,
each N = 3, total N = 6) or white LED illumination (3.6 J cm™>
or 7.2 J em™?, each N = 3, total N = 6) at Zeitgeber time (Z7)
13.5-14 (equivalent to 09:30-10:00 a.m.) in an un-anesthetized
state for 5 days per week, and long-term LED lighting illumina-
tion** lasted for 44 weeks, to observe the alterations of liver
metabolism and microbial community. The mice treated with
the same protocol without LED illumination were defined as
the control group (N = 3).

2.3. Synchrotron-radiation-based Fourier-transform infrared
microscopy (SR-FTIRM) of glycogen and lipids in mouse liver
tissue

SR-FTIRM provides a method for detecting biological com-
ponents such as lipids, proteins, carbohydrates, and their
ratios.”* The FTIR spectra of liver tissue sections were acquired
by accumulating 64 scans with a spectral resolution of 4 cm™
at the end-station of SR-FTIRM TLS 14A1 of the National
Synchrotron Radiation Research Center (NSRRC) in Taiwan.
The end-station of SR-FTIRM includes an FTIR spectrometer
(Nicolet 6700, Thermo Fisher Scientific, Madison, WI, USA)
coupled with a confocal infrared microscope (Nicolet
Continuum, Thermo Fisher Scientific) equipped with a liquid
nitrogen-cooled mercury-cadmium-telluride detector. The
baseline-corrected and normalized FTIR spectra of tissue
section samples were obtained by using OMNIC™ (v.8.5;
Thermo Fisher Scientific). The SR-FTIR spectral images of the
absorbance ratio of glycogen to protein (G/P) and lipids to
protein (L/P) referred to the level of glycogen and lipids relative
to the protein absorbance of each detection area; these
were constructed by integrating the absorbances in the
spectral range of 1180-970 cm™, 2945-2900 cm™', and
1585-1480 cm™" for glycogen, lipids, and protein, respectively,
in the detection area of 4500 x 1500 pm? with a lateral resolu-
tion of 50 x 50 pm?.

This journal is © The Royal Society of Chemistry 2023
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2.4. 'Wax physisorption kinetic-Fourier transform infrared
(WPK-FTIR) imaging

In this study, WPK-FTIR imaging is utilized to measure the
strength of physical adsorption between a non-polar wax
reagent, playing the role of a glycan probe, and a glycan residue
of glycoconjugates, including glycoproteins, anchoring in the
cell membrane based on the dipole-induced dipole inter-
action.?” The amount of the remaining wax adsorbent adhering
to the sample surface was acquired with FTIR imaging after the
adsorption-desorption process, which was strongly correlated
with the absorbance in the mid-IR spectral range of
3000-2800 cm™" of the wax adsorbent. Therefore, a greater
absorbance of the remaining wax adsorbent was observed, and a
stronger interaction was expected between the wax adsorbent
and glycan residue of glycoconjugates anchoring onto the
sample surface. Moreover, there were four normal alkanes
(n-alkane, n-C,H,,.,) with different carbon numbers (C.N.s) as
the wax adsorbents, employed as glycan probes, for targeting the
glycan residues of glycoconjugates with similar chain lengths
based on the chemical similarity principle. The chain length
alteration of the glycan residue of a glycoprotein can be corre-
lated with the C.N. of the remaining n-alkane in the detection
areas of interest in the liver tissue section surface’>*>**”% under
various doses of blue and white light LED illumination for mice.

Formalin-fixed, paraffin-embedded liver tissue sections at
4 pm thickness were fixed on an IR low-E slide (Kevley
Technologies, Chesterfield, OH, USA) and immersed in 40 mL
xylene in a glass trough at 56.0 °C for 20 h to remove
embedded paraffin within the tissue section samples. The first
step of WPK was waxing of the mouse liver tissue section
sample by soaking it in a 40 mL xylene-n-alkane solution con-
sisting of 0.12 M n-alkane at 28.0 °C for 2 min and to remove
xylene by heating the sample slide on a hot plate at 34.0 °C for
10 min. The second step of WPK was desorption of the wax
from the waxed sample by soaking the waxed sample in 40 mL
xylene at 28.0 °C for 1, 2.5, 5, and 7.5 s to desorb n-alkane
from the waxed sample and then remove xylene by heating the
sample on a hot plate at 34.0 °C for 2 min, respectively. The
WPK-FTIR imaging result of the mouse liver tissue section of
the control set exhibited a dramatic decrease of desorption
from 1.0 to 2.5 s and from 5.0 to 7.5 s and a steady state of de-
sorption from 2.5 to 5.0 s (Fig. 2). We proposed that there was
a thermodynamic steady state for n-alkane desorption and
resorption between 2.5 s and 5.0 s. In this study, the desorp-
tion time of 5.0 s was set for a sample in the WPK procedure.

All the WPK procedures were completed by using a home-
built computer-controlled system via the RS-232 interface for
precisely controlling the time for wax sorption and desorp-
tion.”* The infrared absorbance of the remaining wax adhering
to a tissue section surface was acquired with FTIR imaging to
provide two-dimensional distribution of the remaining
n-alkane wax adhering to the sample surface. The greater the
amount of n-alkane wax adhering to the sample surface, the
stronger the physical adsorption expected between n-alkane
and the glycan residue of the glycoprotein.

Analyst, 2023,148, 643-653 | 645
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Fig. 2 The kinetic physisorption of C22 and C28 is presented for the
liver tissue section of the control group. In the liver tissue section, six
areas were selected and each area was 170 x 170 pm? of a field of view
as shown in Fig. 3A. The kinetic data of the remaining glycan probes (A)
C22 and (B) C28 adhered to the liver tissue section surface and the
linear regression curve corresponding to six areas (—@— area |, —@— area
I, —@— area lll, —@— area IV, —@— area V, and area VI, and dashed
line corresponding to linear regression curve for each area).

In this study, peptide: N-glycosidase F (PNG,q F, purity
>95%, Sigma-Aldrich, St Louis, MO, USA) was utilized to enzy-
matically cleave the N-link glycan including high mannose,
hybrid, and complex glycan residues from glycoproteins on the
surface of the mouse liver tissue section.”” Hence, PNGase F
was used to digest tissue section samples for validating the
capability of the wax adsorbent as a glycan probe for targeting
the glycan residue of the glycoprotein anchoring onto the
tissue section surface. The liver tissue section of the control
group was incubated with PNG,s F (100 IUB milliunits) at
45 °C for 48 h. However, PNG,,. F cannot remove an N-linked
glycan residue from a glycoprotein with a fucose alpha 1,3-
linked to the core region N-acetylglucosamine.?®*° The FTIR
imaging system, including an FTIR spectrometer (INVENIO R,
Bruker Optics, Ettlingen, Germany) equipped with an infrared
microscope (Hyperion 3000, Bruker Optics) and an LN-cooled
64 x 64 pixels mercury-cadmium-telluride focal-plane-array
amplified detector (Santa Barbara Focalplane, Goleta, CA, USA)
was utilized to image a field of view of 170 x 170 pm? for each
of the areas of interest to acquire the absorbance of the remain-
ing glycan probe adhering on liver tissue section samples.*

In this study, four n-alkanes were employed in the WPK pro-
cedures as glycan adsorbents, including n-C,,Hys (C22),
n-C,sHs, (25), n-CagHsg (C28), and n-CsoHg, (C30) (Sigma), for
probing the chain length of the glycan residue of the glyco-
protein on the liver tissue section surface. The amount of
remaining n-alkane adhering to the tissue section surface can
be used to correlate with the characteristic infrared absorbance
of n-alkane, performed by integrating the absorption in the
spectral range of 3000-2800 cm™" with OPUS software (v. 8.1,
Bruker Optics), as the input for constructing two-dimensional
spectral images for every single pixel of remaining n-alkane in
the detection area of 170 x 170 pm”>.

2.5. Immunohistochemical staining for circadian proteins,
scoring, and statistical analysis of liver tissue in LED
illumination groups

Every case sample was 3 pm sections from formalin-fixed,
paraffin-embedded liver tissue blocks. These sections were
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deparaffinized, rehydrated, and autoclaved at 121 °C for
10 min in a target retrieval solution, pH 6.0 (S2369; Dako,
Glostrup, Denmark), to retrieve antigens. After 20 min at room
temperature, 3% hydrogen peroxide for 5 min was used for
blocking endogenous peroxidase in the sections at room temp-
erature. After washing twice with Tris buffer, the sections were
incubated with anti-F4/80 (D2S9R) (1:250; #70076; Cell
Signaling Technology, Danvers, MA, USA), anti-Bmal-1 (1 : 400;
NB100-2288; Novus Biologicals, Littleton, CO, USA), anti-
Cryptochrome 1 (Cryl) (1:100; orb156463; Biorbyt,
Cambridge, Cambridgeshire, UK), Period circadian protein 2
(Per2) (1:100; bs-3927R; Bioss, Woburn, MA, USA), anti-Rev-
erba (1:200; orb6019; Biorbyt), and anti-TNF-a antibody
(1:25; SC-290189, Santa Cruz Biotechnology, Dallas, TX, USA)
as the primary antibodies. After washing twice with Tris buffer,
the sections were incubated with a secondary antibody conju-
gated with horseradish peroxidase for 30 min at room temp-
erature. Finally, the slides were incubated in 3,3-diaminobenzi-
dine (K5007; Dako) for 5 min followed by Mayer’s haematoxy-
lin counterstaining for 90 s, and mounted with Malinol.

A semiquantitative scoring system for immunopositive cells
was evaluated by two independent pathologists (YTC and
CYC). For the F4/80 stain, the number of immunoreactive cells
was counted microscopically in three representative areas in
the lower power field. For Bmall, Cryl, Per2, and Rev-erba
stains, as well as for TNF-a, sections were scored based on the
staining intensity score (0-3) multiplied percentage score
(0-5).>° Percentages of immunoreactivity in hepatocytes or KCs
were scored in the following manner: 0, 0%; 1, 1-9%; 2,
10-32%; 3, 33-65%; 4, 66-90%; and 5, 90-100%. All statistical
analyses were performed with SPSS 24.0 software. Paired t-test
was applied for correlation analysis. The test was 2-sided, and
a p-value less than 0.05 was regarded as statistically
significant.

3. Results and discussion

3.1. Histopathological examinations of liver tissues in
different LED illumination groups

Haematoxylin and eosin stains of liver tissue revealed that the
liver architectural framework is maintained and no obvious
histological changes are seen in different LED illumination
groups (Fig. 3A). The immunohistochemical expression of
TNF-a protein is similar in both control and experimental
groups (Fig. 3B).

3.2. SR-FTIRM images of the absorbance ratio of lipid to
protein (L/P) and glycogen to protein (G/P) after illumination
with LED light

The de-paraffinization procedure of formalin-fixed, paraffin-
embedded liver tissue section samples was the same as that of
WPK-FTIR for the measurement of SR-FTIRM. The character-
istic infrared absorption bands of SR-FTIRM spectra for the
liver tissue section of mice irradiated at 3.6 J cm™ and 7.2 J
ecm~? by white and blue LED illumination were presented and

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Histochemical examinations of liver tissues in different groups
and immunohistochemical study of TNF-a protein in different groups.
The liver architectural framework is maintained, and no obvious histo-
logical changes are observed. (B) The immunohistochemical expression
of TNF-a protein is similar in both the control and experimental groups.

assigned (Fig. 4A, B and Table 1); the absorbance of lipids, pro-
teins, and glycogen was acquired by integrating infrared
absorption in the spectral range 2945-2900 cm™" (v,s CH, of

White LED
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Fig. 4 Comparison of FTIRM spectra of tissue sections of mouse liver
with/without extra LED illumination. (A) White light. (B) Blue light. (C)
The temporal spectra of de-paraffinizing the tissue section sample. FTIR
spectra were baseline-corrected and normalized at 1650 cm™ of the
amide | band.
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lipids), 1585-1480 em™" (Am II of protein molecules), and
1180-970 cm™* (glycosidic bond C-0, C-O-H of glycogen, and
PO,~ of DNA),*'7? respectively, and more detailed assignment
of absorption bands is shown in Table 1. The infrared absorp-
tion of glycogen and lipids was increased after LED illumina-
tion, indicating that metabolic retardation occurred in mouse
livers. Furthermore, the embedded paraffin within the liver
tissue section samples was deparaffinized before acquiring
FTIR images, and the spectral result showed that the remain-
ing paraffin within the tissue section samples was nearly
removed after 20 h of xylene immersion.>*"*® The kinetic curve
of the remaining paraffin within the tissue section showed a
dramatic drop in the first hour of xylene immersion (ESI
Fig. 11) and the absorbance of lipids in the FTIR spectral
images of 170 x 170 ym? by integrating the spectral range of
3000-2800 cm ™" illustrated a nearly constant integration value
after dewaxing for 20 h with xylene (Fig. 4C). The characteristic
absorption bands of paraffin in the range of 2920 cm™,
2850 cm™', 1472 ecm™', and 1463 cm™' were employed for
monitoring the removal of paraffin within the tissue section
with xylene treatment. The SR-FTIRM spectral images of the
absorbance ratio of lipid to protein (L/P) and glycogen to
protein (G/P) were established by using the characteristic
absorbance of the lipid, protein, and glycogen mentioned
above,*™*! respectively, for assessing the liver metabolic retar-
dation after the mice received extra LED illumination. The
spectral images of L/P showed a dramatic increase for the
group that received 7.2 J] cm™> of blue LED illumination as
compared with the control group (0.41 + 0.08 vs. 0.24 + 0.07, p
= 0.013), which strongly suggests a lipid metabolic retardation
in the liver tissue of mice after receiving extra LED illumina-
tion of blue and white light (Fig. 5). In addition, a higher G/P
ratio also showed similar results to the L/P ratio, for example,
more accumulated glycogen was found in the case receiving a
dose of 7.2 J em™> of blue light. Moreover, the statistical
results of SR-FTIRM for three sets of animal trials after receiv-
ing extra LED illumination of blue and white light revealed
higher L/P and G/P ratios (ESI Fig. 2 and 37). Based on these

Table 1 Band assignment of FTIR spectra of deparaffinized mouse liver tissue sections with/without extra LED illumination

Liver
Control WL BL
Peak Wavenumbers (cm™") Assignment
1 1035 1034 1035 8C-0-C (bending of carbohydrate)
2 1081 1080 1081 C-0-C (bending of carbohydrate), vs PO*>~ (PO*~ symmetric stretching vibration of DNA)
3 1154 1154 1155 8C-0O-H (bending of carbohydrate)
4 1240 1237 1238 vas PO®™ (PO®” antisymmetric stretching vibration of DNA)
5 1399 1396 1396 8§ COO™ 6 CH; (COO™, CH; antisymmetric bending, lipids and proteins)
6 1451 1453 1453 & CH, (CH, antisymmetric bending, lipids and proteins)
7 1542 1540 1541 Amide II (vibration motion coupled C-N stretching vibration and C-N-H bending vibration)
8 1654 1651 1651 Amide I (C=O0 stretching vibration, proteins)
9 2850 2852 2852 vs CH, (CH, symmetric stretching vibration, dominant contribution from lipids)
10 2874 2876 2873 vs CH; (CH;3 symmetric stretching vibration, dominant contribution from proteins)
11 2926 2927 2926 v,sCH, (CH, antisymmetric stretching vibration, dominant contribution from lipids)
12 2959 2960 2959 VasCH; (CH; antisymmetric stretching vibration, dominant contribution from proteins)
13 3072 3066 3065 Amide B (overtone of amide II)
14 3293 3293 3286 Amide A (N-H stretching vibration)

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The SR-FTIRM spectral images of L/P and G/P are presented for
(A) mouse liver tissue section of the control group and the sets after
receiving a dose of LED illumination of (B) 3.6 J cm™2 of blue light, (C)
7.2 3 cm™2 of blue light, (D) 3.6 3 cm™2 of white light, and (E) 7.2 J cm™2
of white light.

findings, we suggested that metabolic retardation occurred in
the liver tissue of mice after receiving extra LED illumination.

3.3. Assessment of liver inflammation after extra LED
illumination with WPK-FTIR imaging

The additional glycosylation of glycoproteins, including IgG
antibodies, is the characteristic of an anti-inflammatory
process caused by the immune response, which stimulates the
elongation of the glycan residue of the glycoprotein caused by
galactosylation and/or sialylation.** The KC glycoprotein recep-
tor on the KC has also been reported to play a role in the clear-
ance of galactose- and fructose-terminated glycoproteins from
circulation.*? In this study, four glycan probes C22, C25, C28,
and C30 were employed in the WPK-FTIR imaging to probe
different chain-length glycans and further provide the corre-
lation between the elongation degree of the glycan residue of
the glycoprotein in the liver tissues by using the C.N. of the
remaining glycan probes. The amount of the remaining glycan
probes (C22R, C25R, C28R, and C30R) on the liver tissue
section sample was measured in the order of C22R > C25R >
C28R > C30R for the control group, and C28R > C30R > C25R
~ C22R for the mouse group receiving a 7.2 ] cm™> blue LED
illumination by comparing the absorbance in the spectral
range of 3000-2800 cm™" (ESI Fig. 31). In addition, the order
was C25R > C22R > C28R > C30R for the mouse group receiv-
ing a 3.6 ] cm~* LED white light dose, and a similar remaining
amount for all absorbents was observed for the mice receiving
a LED white light dose of 7.2 J em™ (Fig. 6A-E). Based on
these findings, the glycan elongation was enhanced for all the
mouse groups after receiving an extra dose of LED illumina-
tion, especially for the case receiving a blue light dose of 7.2
J cm™>. Besides, the remaining glycan probe was dramatically
decreased for the control group after PNG,, F treatment by
about 61.4 + 1.1%, 55.4 + 1.3%, 57.3 + 2.3%, and 56.4 + 0.7%
for C22R, C25R, C28R, and C30R, respectively, indicating that
the n-alkane played a crucial role in physical binding of the
glycan residue of the glycoprotein on the liver tissue section
surface (Fig. 7A). Moreover, the characteristic absorption of the
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Fig. 6 The profile of the remaining n-C,H,,,> (n = 22, 25, 28, and 30)
for three areas, area |, area ll, and area lll, on the mice liver tissue
section receiving different exposure doses of LED illumination. (A) The
control group, (B) blue LED 3.6 J cm™2 (C) blue LED 7.2 J cm™2 (D)
white LED 3.6 J cm~2, and (E) white LED 7.2 J cm™2.
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Fig. 7 The PNG,, F digestion treatment of the liver tissue section for
the control group. (A) The profile of remaining n-C,H,,> (n = 22, 25,
28, and 30) for area-1 on the control mouse liver tissue section without
PNG,s F treatment and with PNG,.. F treatment for 48 h and (B) the
comparison of FTIR spectra with and without PNG,¢ F treatment for the
liver tissue section of the control group. The Y-axis of absorbance differ-
ence (arbitrary unit) is set on the left-hand side.

glycosidic bond C-O-C of the glycan residue of N-glycan and
the C-N bond of asparagine(N)-linked glycoprotein decreased
at 1154 cm™ " and 1081 cm™ ", respectively, after PNG,q F diges-
tion treatment as shown in Fig. 7B.** Based on the findings,
we proposed that the N-linked glycoproteins were predomi-
nantly in the tissue, and the rest of the remaining N-linked
glycoprotein should be alpha 1,3 fucosylated at the core
N-acetylglucosamine (GlcNAc), O-linked glycoproteins and
other glycoproteins in the liver tissue.

According to these findings, when the dose of LED illumi-
nation that the mice received was higher, the remaining glycan
probe increased with a greater C.N. observed on the mouse
liver tissue sections as compared to that of the control group,
indicating that the chain length of the glycan residue of the
glycoprotein was elongated in the liver after receiving extra
LED illumination. Consequently, the ratio of C28R/C22R was
suggested to correlate with the population ratio of the long-
chain to the short-chain glycan residues of the glycoprotein in
the mouse livers, which could be utilized as an inflammation
index to assess the liver inflammation in the very early stage of
this animal trial mode after receiving an extra dose of LED
illumination.

This journal is © The Royal Society of Chemistry 2023
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The WPK-FTIR spectral images presented the two-dimen-
sional distribution of the remaining C28 and C22 adhering to
the liver tissue section surface (Fig. 8). The result of the areas
of interest in the liver tissue section showed a higher
C28R/C22R ratio after the mice received an extra LED illumina-
tion as compared to the control group. The C28R/C22R ratio
showed a positive correlation with the LED illumination dose
received by the mice, especially that of the blue LED illumina-
tion, and higher G/P and L/P were also observed compared to
those of the control group (Fig. 5). Therefore, the ratio of
C28R/C22R could be a signpost for assessing the glycosylation
level of glycoproteins distributed in the liver tissue sections of
mice after receiving extra LED illumination. Previous studies
showed that the galactosylation and sialylation of the fragment
crystallizable (Fc) glycan of glycoproteins were validated owing
to the anti-inflammatory activity of the immune response trig-
gered by activated platelets in tissue.*® This revealed that a
greater dose of LED illumination might enhance the inflam-
mation of hepatocytes.

3.4. The number of KCs decreased after LED illumination

The number of KCs was evaluated in five different mouse
groups, including the control group, and the white and blue
light LED illumination at both 3.6 and 7.2 J cm™>, using the
F4/80 antibody. The KCs were identified in sinusoid spaces,
predominantly in zone 3 of liver tissue. The average number of
KCs in the control group was 58.4 + 4.8 in a low power field,
37.4 + 3.7 (3.6 ] cm™?), 28.0 + 2.6 (7.2 ] cm?) in the group
receiving blue LED illumination, and 39.2 + 3.4 (3.6 J cm™?)
and 36.1 + 3.3 (7.2 ] cm™?) in the group receiving white LED
illumination. The number of KCs decreased in the mice
exposed to 3.6 and 7.2 J em~? blue LED illumination (both p <

(A) (8) (©)
C22R | c28R |

Control BL3.6J | C22R | Co8R | BL7.2J | C22R [ 28R | L.

(D) (E)
c2R | casr | 1. |[wi72s] c22R [ cosr [ w. |
334314'%3197'89 Area | | 330034 |3166%122/0.9610.04|

WL 3.6J

Area |

Fig. 8 The representative WPK-FTIR images of remaining glycan
probes C22R, C28R, and C28R/C22R (inflammation index, I.l.) of (A) the
control group, (B) blue LED 3.6 J cm™2, (C) blue LED 7.2 J cm™2, (D)
white LED 3.6 J cm™2, and (E) white LED 7.2 J cm™2 liver tissue sections
with the averaged inflammation index ratio showing an increasing trend
after receiving the blue and white LED illumination as compared with
the control group.
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0.001) as compared with the control group, and the results
differed between the two irradiances (p < 0.001). In the groups
receiving white LED illumination, the number of KCs
decreased in the 3.6 and 7.2 J cm™? groups (both p < 0.001)
compared with the control group; but there was no difference
between the 3.6 and 7.2 J cm~? white LED groups (p = 0.082).
Under 7.2 J em™2 illumination, the number of KCs signifi-
cantly decreased in the blue LED group compared with the
group receiving white LED illumination (p < 0.001) (Fig. 9A
and B).

3.5. The alteration of Bmal1, Cry1, Per2, and Rev-erbo
proteins in LED illumination groups

In the immunohistochemical study, Bmall protein expression
was noted in the cytoplasm of hepatocytes in the control
group. In the control group, the Bmall immunoreactivity score
of hepatocytes was 6.1 + 1.7, while in the blue light LED illumi-
nation groups the scores were 7.9 + 1.3 (3.6 ] cm™>) and 10.2 +
2.1 (7.2 ] em™?). The Bmall immunoreactivity scores of hepato-
cytes were 7.7 = 2.1 (3.6 ] em™?) and 9.8 + 2.1 (7.2 ] cm™?) in
the white light LED illumination groups. The Bmall
expression increased in the liver parenchyma exposed to 3.6
and 7.2 ] em~> of blue light LED illumination (p = 0.015 and
0.001, respectively), and the results differed between the two
irradiances (p = 0.012). In the white light LED illumination
group, Bmall expression also increased in the 7.2 J em™>
group (p < 0.001) compared with the control one, but not in
the 3.6 J cm™> group (p = 0.064). There was no difference
between groups receiving a different dose of white light LED
illumination (p = 0.061). Furthermore, there was no significant
difference between the groups receiving a dose of 7.2 J em™> of
blue and white light LED illumination (p = 0.661) (Fig. 10A
and B).

Blue LED Blue LED White LED White LED

(A) Control
3.6Jlcm?  7.2Jlcm? 3.6Jlcm?  7.2J/cm?

o .
® 2
5.
- ’ >

(B)

£
Fig. 9 (A) The number of KCs is decreased after receiving extra LED

illumination, demonstrated by F4/80 immunostaining. (B) The semiquan-
titative scoring system for F4/80 immunopositive cells. The quantitative
data analysis results are expressed as mean + standard error of the mean
(SEM). ***p < 0.001 indicates the comparison between LED illumination
groups and the control group; ###p < 0.001 shows the comparison
between the groups receiving doses of 7.2 J cm™2 and 3.6 J cm™2 of
blue light LED illumination. §§§p < 0.001 indicates the comparison
between the group receiving a dose of 7.2 3 cm~2 of blue LED illumina-
tion and the group receiving a dose of 7.2 J cm™ of white LED
illumination.
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Fig. 10 (A) The immunohistochemical study of circadian proteins in
different groups. (B) The semiquantitative scoring system for Bmall,
Cryl, Per2, and Rev-erba immunopositive cells. The results show that
Bmall and Rev-erba expression significantly increased after illumination,
while Cryl and Per2 expression decreased. The quantitative data analysis
results are expressed as mean + SEM. *p < 0.05, **p < 0.01, and ***p <
0.001 indicate the comparison among LED illumination groups and the
control group; #p < 0.05 and ###p < 0.001 indicate the comparison
between the 7.2 J cm™2 and 3.6 J cm~2 blue LED illumination groups; Sp
< 0.05 and $$$p < 0.001 show the comparison between the 7.2 J cm™2
and 3.6 J cm~2 white LED illumination groups.

On the other hand, Cryl protein expression was identified
in the hepatic sinusoids of the control group. The Cryl
immunoreactivity scores of hepatocytes were 13.3 + 1.6 in the
control group, and 10.4 + 1.7 (3.6 ] cm™?) and 9.1 + 1.5 (7.2
J em™?) in the blue light groups. In the white light groups, the
Cryl immunoreactivity scores of hepatocytes were 9.9 + 1.7
(3.6 J cm™) and 8.8 + 1.0 (7.2 ] cm™?). Cry1 expression signifi-
cantly decreased in the liver parenchyma after 3.6 and 7.2
J em™ blue LED illumination (p = 0.002 and p < 0.001) as com-
pared to the control group, but the results did not differ
between the two irradiances (p = 0.090). In the white LED light
group, Cryl expression also decreased in the 3.6 and 7.2
J em™? groups (both p < 0.001) compared with the control, but
the results exhibited no obvious difference between the illumi-
nation of the two white groups (p = 0.107). Moreover, there was
no difference between the 7.2 J cm™2 blue or white illumina-
tion LED groups (p = 0.575) (Fig. 10A and B).

Per2 protein expression was identified in the cytoplasm of
hepatocytes in the control group. The Per2 immunoreactivity
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scores of hepatocytes were 14.3 + 1.3 in the control group, and
7.3+3.3(3.6J cm %) and 2.4 + 3.1 (7.2 ] cm™?) in the blue light
groups. In the white light groups, the Per2 immunoreactivity
scores of hepatocytes were 9.0 + 1.9 (3.6 ] cm?) and 4.8 + 4.2
(7.2 J em™2). The expression of Per2 protein decreased signifi-
cantly after 3.6 and 7.2 ] cm ™2 blue LED illumination (both p <
0.001) as compared to the control group; and the two irradi-
ance groups responded differently (p = 0.014). In the white
LED light group, Per2 expression also decreased in the 3.6 and
7.2 J em™? groups (both p < 0.001) compared with the control,
and the two white LED irradiance groups responded differently
(p = 0.017). However, there was no difference between the
7.2 ] em™? blue illumination LED group and the 7.2 J cm™>
white one (p = 0.328) (Fig. 10A and B).

Rev-erba protein expression was noted in the nuclei of
hepatic sinusoids. The Rev-erba immunoreactivity scores of
KCs were 0 in the control group and the blue and white
3.6 ] cm™> groups. The Rev-erba immunoreactivity scores of
hepatocytes were 8.9 + 3.2 in blue light and 8.4 + 2.4 in white
light at 7.2 J em™2 In the 7.2 ] cm™> LED groups, Rev-erba
expression was significantly increased as compared with the
control group (both p < 0.001), but no difference was found
between the blue and white illumination groups (p = 0.740;
Fig. 10A and B).

3.6. Discussion

Modern lifestyles, chronic jet lag, and shift work can lead to
an irregular circadian rhythm which may induce an increased
risk of health issues. LEDs are widely used in electronic
devices and are regarded as a major risk factor for circadian
dysfunction in modern societies.'® Dysregulation of the circa-
dian rhythm in humans is known to be associated with meta-
bolic diseases, such as obesity, diabetes, cardiovascular
disease, and NAFLD."® In this study, we found that chronic cir-
cadian dysregulation induced by LED illumination resulted in
a decrease in the number of KCs and elongated glycan residue
chains of glycoproteins in hepatocytes, which play significant
roles in the initiation of NAFLD.

Previous studies have indicated that chronic disruption of
the circadian rhythm causes an inflammatory response and
induces metabolic diseases.”®” It is well known that macro-
phages play essential functions in the initiation of inflam-
mation responses. Macrophages can be classified into bone
marrow-derived macrophages and tissue-resident macro-
phages, which are derived from yolk-sac and/or fetal liver
monocytes.*®* Increasing evidence has revealed that macro-
phages play key roles in lipid metabolism and the pathogen-
esis of lipid-related diseases.’® In the pathogenesis of NAFLD,
the accumulation of lipids is a key event in the early stages of
NAFLD, while progression to non-alcoholic steatohepatitis is
triggered by inflammation.'"® KCs are specialized resident
macrophages of the liver in the detection of invading patho-
gens and are located alongside sinusoid endothelial cells. KCs
are known to play important roles in maintaining the func-
tions of cholesterol, bilirubin, and iron metabolism.
Additionally, KCs mediate phagocytosis, anti-inflammatory

This journal is © The Royal Society of Chemistry 2023
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effects, and liver regeneration, which play dual roles in both
intrahepatic and extrahepatic systems.’’* KCs can regulate
hepatic lipid metabolism and immune homeostasis and are
the major effectors in the pathogenesis of NAFLD.?>**7>% KCs
are critical in initiating liver damage and inflammation during
experiments with NAFLD. The number of KCs was decreased
in early disease onset with an increase in TNF-o production,
followed by an infiltration of monocyte-derived KCs, which
alter the liver response to lipid overload.®®"®* In NAFLD, KCs
can be activated by various factors, such as gut-derived endo-
toxins, free fatty acids, cholesterol, metabolites, and damaged
hepatocytes.*

In this study, mice were exposed 5 days a week to blue LED
(3.6 J em™? or 7.2 J cm™2) or white LED (3.6 ] cm™? or 7.2 cm™?)
illumination at ZT 13.5-14 for 44 weeks. Immunohistochemical
examinations of liver tissues revealed no inflammatory reac-
tion as well as no TNF-a release in all LED illumination groups
(Fig. 2). To gain a better understanding of dysregulations in
hepatocytes, SR-FTIRM and WPK-FTIR imaging were used.
These methods can identify the functional groups and chemi-
cal bonds that are present in biological tissues.®® SR-FTIRM
was conducted to assess the mid-infrared absorbance ratios of
lipid to protein and glycogen to protein within the area of
interest in the liver sections. After receiving extra LED illumi-
nation, the infrared absorbance ratios L/P and G/P were dra-
matically greater than those of the control group, especially for
the groups receiving the blue LED illumination, indicating
that the metabolism of lipids and glycogen was retarded.
WPK-FTIR imaging was conducted for analyzing the cell
surface glycoprotein and is utilized to investigate the alteration
of the chain length of the glycan residues of glycoproteins in
the inflammatory hepatocytes. Alteration of the chain length
of glycan residues owing to additional glycosylation of glyco-
proteins has been associated with inflammatory diseases.”! An
inflammation index (C28R/C22R) of a liver tissue section of
mice after receiving extra LED illumination (greater impact
after blue LED illumination than that after white one) was
found compared with the control groups.

In this study, the relationships between circadian dysregula-
tion with the findings of immunohistopathological examin-
ations, SR-FTIRM, and WPK-FTIR imaging were also investi-
gated. We uncovered that the number of KCs in the LED illu-
mination groups was significantly decreased, especially in the
7.2 J em™? blue LED illumination group without subsequent
inflammation. Alterations of hepatic circadian protein
expression via LED illumination play significant roles in the
regulation of liver physiologic functions. In normal animal
physiology, diurnal oscillation is involved in major pathways of
liver homeostasis and is especially associated with the Bmal1
gene, including immune responses, fatty acid and glucose
metabolism, and cell cycle by proteomics.®>®® Bmall may
regulate macrophages in the oxidation pathway to limit the
production of pro-inflammatory cytokines.®” We found that an
increase in Bmal1l expression was demonstrated in hepatocytes
after receiving extra LED illumination, especially in the 7.2 J
cm ™2 blue and white LED illumination groups. Overexpression
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of Bmall could suppress pro-inflammatory cytokine pro-
duction in macrophages and play a role in the avoidance of
subsequent inflammatory reactions. Furthermore, we noticed
overexpression of Rev-erba in the 7.2 ] cm™> blue and white
LED illumination groups, but not in the 3.6 J cm™? illumina-
tion group. Previous studies demonstrated that Rev-erba regu-
lates the inflammatory infiltration of macrophages through
the suppression of CCL2 expression. CCL2 is an important
chemokine that binds to CCR2 on monocytes/macrophages to
stimulate their migration and initiate inflammation.®®® It is a
reasonable inference that the Rev-erba overexpression found in
our study might play a suppressive role in recruiting circulat-
ing monocytes to the liver after KC depletion. Accordingly, an
increase in Bmall expression and overexpression of Rev-erba
would explain this study’s finding of depletion of KCs without
subsequent inflammation after LED illumination.

Circadian protein Cryl is an inhibitor of gluconeogenesis
in the liver, and as the target of the lysosome, it is degraded by
liver macroautophagy. Autophagic degradation of Cryl causes
repression of gluconeogenesis and increases glucose levels.”®
In addition, Per-2 is a negative regulator of lipogenesis in hep-
atocytes, and downregulation of Per-2 restores lipogenic gene
expression and reverses the reduced TG levels in hepatocytes.”*
We found significantly decreased Per2 and Cryl proteins in
the liver after LED illumination, especially in the 7.2 ] cm™>
blue and white LED illumination groups. These findings
echoed the results identified by SR-FTIRM. Per2 expresses a
protective effect on liver injury and fibrosis during cholestasis.
Decreased Per2 levels might exacerbate the cholestatic liver
injury and fibrosis.”> Our result of the extreme reduction of
Per2 expression in 7.2 J em™? blue LED illumination mice
coincides with the findings of inflammation from WPK-FTIR.

Our work demonstrated that long-term LED illumination
can decrease the number of KCs and induce dysregulation of
circadian rhythm in the liver. We unfolded three significant
discoveries. First, we found that decreased KC numbers failed
to induce subsequent inflammatory reactions in the liver.
Second, we identified a significant increase in Bmall and Rev-
erba protein expression, while there was a decrease in Cryl
and Per2 protein expression in the liver. The increased
expression of Bmall and Rev-erba provides possible directions
for interpretation regarding the normal histopathological find-
ings without obvious inflammatory reactions in the LED-illu-
minated liver. Third, by using SR-FTIRM and WPK-FTIR
imaging technologies higher ratios of L/P and C28R/C22R
(inflammation index) were both noticed in the liver of the blue
light illumination groups, as compared to the control group
and groups that received white LED illumination. These find-
ings significantly correlated with a decrease in Per2 and Cry1l
expression in the blue LED illumination groups. Since KCs
and circadian proteins play significant roles in the develop-
ment of NAFLD, our findings provide scientific evidence that
chronic circadian dysregulation induced by LED illumination
plays a predisposing role in inducing NAFLD. Furthermore,
WPK-FTIR imaging is a sensitive method for the early detec-
tion of the initial stages of LED light-triggered NAFLD.
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4. Conclusions

WPK-FTIR is a sensitive method for detecting the initial stages
of NAFLD induced by long-term blue LED illumination. KCs
and circadian proteins play significant roles in the pathogen-
esis of blue LED-induced NAFLD.
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