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Abstract

Ultraviolet B (UVB) light exerts biological effects beyond the skin; however, its influence
on systemic energy metabolism remains unclear. We investigated the effects of chronic,
low-dose narrowband UVB irradiation on substrate utilization, circulating metabolites, and
thermogenesis of brown adipose tissue (BAT) in mice. Male and female C57BL/6] mice
were daily exposed to sub-erythemal UVB (308 nm, 50 or 100 mJ/cm?, 3 h) for up to 7 weeks
using a custom light-emitting diode-based device. Metabolic outcomes were assessed by
indirect calorimetry, locomotor activity monitoring, and infrared thermography. Plasma
metabolites were profiled by capillary electrophoresis—time-of-flight mass spectrometry.
Gene expression in BAT and skin was measured by reverse transcription quantitative
polymerase chain reaction. UVB exposure lowered the respiratory exchange ratio at spe-
cific time points, indicating greater lipid utilization, and transiently increased oxygen
consumption. Metabolomic profiling revealed reduced succinate levels and enrichment of
nicotinate /nicotinamide and propanoate metabolism pathways. Infrared thermography
showed elevated surface temperature after irradiation and that prolonged UVB expo-
sure modestly upregulated thermogenic genes in BAT, along with increased cutaneous
expression of Cidea. These findings suggested that sub-erythemal UVB exposure modestly
modulates systemic metabolism, circulating metabolites, and BAT activity, highlighting
UVB as a potential environmental regulator of energy balance.

Keywords: Ultraviolet B; Energy metabolism; Brown adipose tissue; Thermogenesis;
Metabolomics

1. Introduction

Light regulates various physiological processes, and evidence indicates that different
wavelengths of light exert distinct biological effects [1-4]. They differentially influence
glucose metabolism [3,5], thermoregulation [3,6,7], energy expenditure [2,8], and body
weight [4,8]. Among these, ultraviolet B (UVB, 280-320 nm) exerts particularly pronounced
effects [9]. To induce a similar erythemal response, approximately 1000-fold less UVB
is required than UVA (320400 nm) in fair-skinned Caucasians [9,10]. Although UVB
represents only ~5% of the solar UV radiation reaching Earth’s surface [9], people in Europe
and the United States spend a median of 1-2.5 h outdoors daily, leading to continuous
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natural exposure [11,12]. Clinically, UVB irradiation is also applied in phototherapy for
skin diseases such as vitiligo, psoriasis, and mycosis fungoides, with narrowband UVB
considered a first-line treatment [13]. Given its dual role as an environmental factor and
a therapeutic modality, elucidating the systemic biological effects of UVB is of social and
clinical relevance.

Recent studies in mice suggest that UVB irradiation may influence energy metabolism.
Long-term sub-erythemal UVB exposure alleviates high-fat diet (HFD)-induced metabolic
impairments, including weight gain, hepatic steatosis, and glucose intolerance [14-16]. Mech-
anistically, UVB irradiation has been shown to stimulate the hypothalamic—pituitary—adrenal
(HPA) axis and the hypothalamic melanocortin system [17-21], both of which are established
regulators of energy metabolism and substrate utilization [22-26]. However, the effects of
long-term, low-dose UVB irradiation on energy metabolism are not yet fully understood. In
particular, two studies examining UVB exposure and oxygen consumption—a key measure
of energy expenditure—have yielded conflicting results, with one reporting no effect and
another showing an increase in oxygen consumption [20,21]. Because both studies ana-
lyzed standard chow-fed C57BL/6 mice, such discrepancies likely arise from differences in
irradiation conditions. Both studies used broadband UVB fluorescent lamps ranging from
275 to 380 nm; however, their emission characteristics differed in peak wavelength (302 nm or
310-315 nm) and in the use or omission of UVC-cut filters. Similar discrepancies have also been
reported regarding UVB'’s effects on HFD-induced weight gain [14,27]; however, those studies
employed broadband UV irradiation within the 250-360 nm range. These inconsistencies high-
light the need for a systematic evaluation of the metabolic effects of low-dose UVB exposure.
To address this gap, the present study focused on long-term, low-dose narrowband UVB
(308 nm) exposure using a custom, spectrally calibrated light-emitting diode (LED) system
to reproducibly assess its effects on systemic metabolism and thermogenic regulation. LEDs
can emit light at specific narrowband wavelengths without the need for optical filters. The
customized UVB irradiation device developed in this study enables precise control of
wavelength, irradiance, and fluence, ensuring reproducible and physiologically relevant
exposure. This approach allows for the accurate delineation of the biological responses
specifically attributable to narrowband UVB irradiation, minimizing confounding factors
inherent to broadband sources.

Brown adipose tissue (BAT) plays a central role in non-shivering thermogenesis [28,29].
This process is mediated by uncoupling protein 1 (UCP1), which promotes proton leakage
across the mitochondrial membrane, thereby uncoupling substrate oxidation from ATP
production [28]. Thermogenic activity and UCP-1 function are regulated by neurological
pathways, including sympathetic nerve projections descending from the hypothalamus [30].
Activated BAT enhances the utilization of glucose and lipids [31,32], thereby altering whole-
body substrate use, as reflected in the respiratory exchange ratio (RER). In addition, chronic
cold exposure modifies plasma metabolite profiles [33], further underscoring the connection
between BAT activity and circulating metabolites. Given its pivotal role in energy balance
and substrate metabolism, BAT thermogenesis has attracted considerable attention as a
therapeutic target for obesity and related metabolic disorders, although challenges remain
in its clinical application [34].

Previous studies have shown that UVB irradiation in mice, when combined with
running activity, increases UCP1 expression in BAT, suggesting that UVB exposure might
enhance thermogenic capacity [35]. However, no studies have directly examined the impact
of UVB on energy metabolism and substrate utilization in the context of BAT function.
To address this gap, the present study investigated the effects of long-term, low-dose
UVB exposure on systemic metabolism, the plasma metabolome, and BAT thermogenic
function in mice. We hypothesized that prolonged UVB exposure would modulate systemic
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metabolic processes and alter circulating metabolites associated with enhanced BAT activity.
These findings will provide novel insights into the role of UVB in energy homeostasis and
explore its potential as a therapeutic approach for metabolic diseases.

2. Materials and Methods
2.1. Animals

Six- to seven-week-old male and female C57BL /6] mice (SLC Inc., Shizuoka, Japan)
were acclimatized for at least 1 week before experiments. After acclimatization, mice were
randomly assigned to either the Control or the UVB group, matched by body weight. All
animals were fed a standard moderate-fat (MF) diet (Oriental Yeast Co., Ltd., Tokyo, Japan)
and housed individually under controlled conditions (23 £ 1 °C, 12 h light/dark cycle).
Body weight was recorded weekly. All procedures were performed in accordance with
the ARRIVE guidelines. To expose the dorsal skin to UVB irradiation, all mice in both the
Control and UVB groups had their dorsal hair removed weekly under isoflurane anesthesia
(Abbott, Abbott Park, IL, USA) using an electric clipper. Repeated shaving under light
isoflurane anesthesia could theoretically alter stress hormone levels or thermoregulation.
However, to minimize such confounding effects, identical handling and anesthesia were ap-
plied to all mice, including controls. Previous study have reported that repeated anesthesia
(six times at 3—4-day intervals) with isoflurane did not alter fecal or hair corticosterone lev-
els, indicators of chronic stress, in C57BL/6] mice [36]. Therefore, the effects of anesthesia
and shaving were considered negligible in the present experimental context.

2.2. UVB Irradiation Device and Irradiating Conditions

To enable long-term and well-controlled UVB exposure, we developed a custom
irradiation device designed to fit standard mouse cages and evaluated its performance
(Figure 1A). The device consisted of an aluminum plate with a heat-dissipating sheet
that contributed to thermal stability (Supplementary Figure S1), fitted with printed cir-
cuit boards (Audio-Q, Shizuoka, Japan) containing UVB-LEDs (NCSU434B, Nichia Corp.,
Tokushima, Japan) that emitted narrowband UVB light at a measured peak wavelength of
308 nm and a full width at half maximum of approximately 10 nm (spectral half-bandwidth
£ 5nm). Spectroradiometric analysis confirmed that the emission spectrum consisted solely
of UVB wavelengths, with no detectable radiation below 290 nm, ensuring the absence
of UVC contamination, using a fiber-coupled spectroradiometer (MCPD 3700A, Otsuka
Electronics, Osaka, Japan) equipped with a cosine corrector, with calibration traceable to
the Japan Calibration Service System (JCSS). Irradiance was measured using a data-logging
spectrophotometer (TR-74Ui, T&D Corp., Nagano, Japan) and was found to increase lin-
early with current (Figure 1C). The device provided temporal stability (Supplementary
Figure S1B) and uniform illumination across the cage floor, except for the area beneath the
water bottle (3.6-10.8 cm in width and 0.0-3.5 cm in depth), thereby enabling precise dose
control (Figure 1D).

Seven- to eight-week-old mice were irradiated daily from zeitgeber time (ZT) 9 to
ZT12 with either 50 mJ/cm? UVB (cohorts 1-3) or 100 mJ/cm? UVB (cohort 4) under light
conditions (Figure 1E). After 3 weeks of irradiation, skin color, resting energy expenditure
(REE), oxygen consumption (VO;), and locomotor activity were assessed in back-shaved
mice (Figure 1F). After 7 weeks, body surface temperature was measured, and tissues
including blood, hypothalamus, interscapular BAT (iBAT), small intestine, and dorsal skin
with subcutaneous fat, were collected for further analyses (Figure 1F). The assays, experi-
mental groupings, irradiation conditions, and corresponding data figures for each cohort
are summarized in Table 1. The irradiation dose used in cohorts 1 and 2 (50 mJ/cm?) was
determined based on a previous report [20], in which UVB exposure at this dose produced
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significant biological effects, including increased food intake in male mice. Therefore, we
selected 50 mJ /cm? as the lower limit of our exposure range. However, in our own study,
50 mJ /cm? UVB irradiation did not elicit significant changes in food intake in both sexes
(Figure 2E,F and Figure S2). To ensure a sufficient physiological response, we subsequently
focused on male mice (cohorts 3 and 4) and applied a higher dose of 100 mJ/ cm? in cohort 4.
This value was chosen as it remains below the Threshold Limit Value (TLV) for 308 nm UVB
(120 mJ/cm?) defined by the American Conference of Governmental Industrial Hygienists
(ACGIH) [37], ensuring safety while providing a stronger stimulus.
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Figure 1. Custom ultraviolet B (UVB) irradiation device and experimental setup. (A) Schematic of
the custom device designed to fit standard mouse cages. (B) Irradiance spectrum of the device (cyan
line, spectrum; pink line, peak at 308 nm). (C) Linear relationship between irradiance and current.
(D) Distribution of irradiance across the cage’s bottom surface (color gradient indicates irradiance
levels; right schematic shows coordinate system). (E) Schematic of the daily UVB irradiation protocol.
(F) Experimental schedule for monitoring locomotor activity, respiratory exchange ratio (RER), and
oxygen consumption (VO,) in mice chronically exposed to UVB.

In cohort 4, three mice in the UVB group were excluded due to higher-than-intended
UVB exposure caused by a user-related timer configuration error, rather than a malfunction
or instability of the UVB device itself. This issue could be subsequently resolved by
replacing the external timer hardware and implementing an integrated, microcontroller-
based secondary timer system to ensure synchronized and automated control of irradiation
duration. And we acknowledge that the number of female mice in cohort 2 (n = 4, with one
excluded from metabolomic analysis) was insufficient to achieve adequate statistical power
for analyzing sex differences.
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Table 1. Experimental animal cohorts, groups, assays, irradiation conditions, and corresponding
data figures.

Fluence Fluence
Cohort No. Groups (n, sex) Assay/Measurement (m]J/cm?) (m]J/cm?-Day)
Period (Week) y
1 Control (n =4, M) Food intake 50 Figure S2
UVB (n=4, M) Skin color analysis 1-3 Figure 2A,B,F
Figures 52-54
(n = 4C§/?t§10£ 4 F) Food intake 50 Figure 2
2% e Tissue collection for RT-qPCR Blood 17 Figure 4
(n=4,M;n=4,F) collection for ELISA and metabolome Figure 5D
S Figure 6
Control (n =4, M) . 50 Figure S2
3 UVB (n=4, M) Food intake 1 Figure 2F
. Figure 52
4 Control (n =8, M) FO.Od intake 100 Figure 2F
4 UVB (n = 8, M) Metabolic measurement 17 Figure 3
Body temperature Figure 5A-C

* One female mouse was excluded from metabolomic analysis due to unavailable measurements. * Three mice
in the UVB group were excluded due to higher-than-intended UVB exposure caused by a user-related timer
configuration error, rather than a malfunction or instability of the UVB device itself. M, male; F, female; UVB,
ultraviolet B; RT-qPCR, reverse transcription quantitative polymerase chain reaction; ELISA, enzyme-linked
immunosorbent assay.

2.3. Respiratory Exchange Ratio (RER), VO,, and Locomotor Activity

After a 12 h acclimation period in individual cages (LP-80LED-6ARS, NK System,
Osaka, Japan), VO, and locomotor activity were measured using a mass spectrometry
respiratory gas analyzer (ARCO-2000, ARCO System, Chiba, Japan) and an animal loco-
motor analysis system (ACTIMO System, Shin Factory, Fukuoka, Japan), respectively. The
UVB irradiation device was mounted on the lid of the measurement chamber. During data
collection, mice were exposed to UVB at an irradiance of 0.0185 uW /cm? during ZT9-12
(estimated fluence, 200 mJ/cm?). Food and water were provided ad libitum. Measurements
were continuously recorded for 48 h following acclimation.

2.4. Food Intake Measurement

Food intake was assessed on a weekly basis. Approximately 30—40 g of fresh chow
was provided to each mouse per week. Baseline food intake was defined as consumption
under non-UVB conditions. In the UVB group, food intake was measured over 1 week of
daily irradiation. Intake was calculated as the difference between the amount provided
and the amount remaining. The residual food included chow left on the wire mesh of the
cage and easily visible pellets (>5 mm) on the bedding. Smaller fragments could not be
collected; therefore, the measurements may include minor errors.

2.5. Body Surface Temperature Measurement

On the day following acclimation at 24 °C, the body surface temperature of each
mouse was measured using an infrared camera (FLIR C5, Teledyne FLIR, Wilsonville,
OR, USA). Temperatures were recorded immediately before irradiation, immediately after
irradiation (0 h), and 3 h post-irradiation at ambient temperatures of either 24 °C or 30 °C.
For each mouse, the highest recorded value on the body surface was defined as its body
surface temperature.
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2.6. Tissue Collection and Real-Time Polymerase Chain Reaction

Following cervical dislocation and decapitation, various tissues (e.g., hypothalamus,
BAT, blood, etc.) were collected, flash-frozen in liquid nitrogen, and stored at —70 °C.
Because the back skin samples were connected to subcutaneous fat, RNA extracted from
these samples included contributions from both tissues. Total RNA was isolated using the
RNAiso Plus kit (Takara Bio, Shiga, Japan). Complementary DNA (cDNA) was synthesized
using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham,
MA, USA). Reverse transcription quantitative polymerase chain reaction (RT-qPCR) was
performed on a StepOne™ Real-Time PCR System (Applied Biosystems) using FastStart
Universal SYBR Green Master Mix (Roche Applied Science, Upper Bavaria, Germany) and
specific primers (Table S1), following the manufacturer’s instructions. Gene expression
normalization in BAT is a critical factor influencing quantitative interpretation, and in-
consistent results across reference genes can weaken conclusions regarding thermogenic
activation. TATA box-binding protein (Tbp), previously reported as a stable housekeeping
gene in BAT in vitro [38], was used for normalization, along with (3-actin (Actg) and 16S
ribosomal RNA (Rnal8snb5).

2.7. Capillary Electrophoresis Mass Spectrometry (CE-MS) Analysis

Hydrophilic metabolites in the plasma were analyzed as described previously [39].
Ten-fold-diluted plasma samples (50 puL) were mixed with 450 uL methanol containing
internal standards (10 uM). Chloroform (500 pL) and Milli-Q water (200 uL) were added,
mixed thoroughly, and centrifuged (2300 x g, 4 °C, 5 min). Then, 375 pL of the aqueous layer
was filtered through a 5 kDa cutoff filter (Millipore, Billerica, MA, USA) to remove macro-
molecules. The filtrate was lyophilized and dissolved in 50 uL Milli-Q water containing the
reference compound before mass spectrometry analysis.

Plasma metabolite profiling and a mixture of 110 standard metabolites (HMT, Tsu-
ruoka, Japan) were analyzed using a capillary electrophoresis electrospray ionization time-
of-flight mass spectrometry (CE-ESI-TOFMS) system (Agilent 7100 CE and 6230 TOFMS;
Agilent Technologies, Palo Alto, CA, USA) in both cationic and anionic modes, with a
mass scan range of 50-1000 mass-to-charge ratio (m/z). Metabolites were separated using
a fused-silica capillary column (50 pm i.d. x 80 cm length) filled with the proprietary
electrolyte buffer solution (HMT, Tsuruoka, Japan). The applied voltages for cationic and
anionic analyses were set to 27 kV and 30 kV, respectively.

Briefly, mass-to-charge ratio (/z) values, migration times, and ion counts of metabo-
lites were extracted from the total ion chromatogram using the molecular feature extraction
method in the MassHunter software (version 8.0) (Agilent Technologies, Hong Kong,
China). Metabolite annotation was performed by matching migration time and m/z values
against the standard compound library (HMT, Tsuruoka, Japan) and verified using the
Humam metabolome database (HMDB). The tolerance range for annotation was set to
£0.1 min for migration time and 41 ppm for m/z. Peak areas were normalized to the
internal standard. Only metabolites meeting the annotation criteria were included in sub-
sequent analyses. Metabolites that showed significant differences between the Control
and UVB groups (p < 0.05, unpaired two-tailed Welch’s t-test with Benjamini—Krieger—
Yekutieli correction for multiple comparisons) were identified. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis was performed with Metabo-
Analyst 5.0 [40].

2.8. Statistical Analyses

Statistical analyses and data visualization were performed using Microsoft Excel®
(Version 2311), GraphPad Prism (Version 10), and MATLAB (R2023b). A two-tailed Welch’s
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t-test was applied to compare the control and UVB groups unless otherwise specified.
Differences with p < 0.05 were considered statistically significant, while differences with
0.05 < p < 0.10 were regarded as moderate differences. Data from three male mice in cohort
4 that inadvertently received high-dose UVB exposure (~600 m]/cm?) due to a user-related
timer configuration error, rather than a malfunction or instability of the UVB device itself,
were excluded from the final analysis. were excluded from the final analysis.

3. Results
3.1. Low-Dose UVB Irradiation by the Customized Device Did Not Affect Feeding Behavior

To evaluate the effects of low-dose UVB irradiation, we monitored skin color in back-
shaved mice at week 3. Compared with controls, the ears of the UVB-irradiated mice
exhibited lower RGB values and brightness but showed no signs of erythema (Figure 2A,B).
These results suggested that the applied UVB dose did not induce severe skin damage.
We next measured food intake and body weight of the mice weekly until week 7. No
significant differences were observed between the control and UVB groups during the
experimental period (Figure 2C-F). Cohort-based analysis of food intake also showed no
consistent differences (Supplementary Figure S2), indicating that this UVB dose did not
influence appetite, growth, or development in mice. Consistent with these findings, UVB
irradiation did not significantly alter mRNA expression of appetite-regulating peptides
in the hypothalamus (Npy, Agp, Pomc, and Cart; Figure 2G) or proximal small intestine
(Cck and Gip; Figure 2H). Collectively, these results demonstrated that the customized UVB
device enabled long-term, well-controlled irradiation in mice without significantly affecting
their feeding behavior or body weight.

3.2. UVB Impacts on Locomotor Activity and Systemic Metabolism

To assess the effects of UVB irradiation on substrate utilization and energy expenditure,
we measured RER, VO,, and locomotor activity in mice. During the dark period on Day 1,
locomotor activity was higher in the control group than in the UVB group (Figure 3A,B).
RER and VO; fluctuated over time, increasing during the dark period and decreasing
during the light period (Figure 3C,E). UVB irradiation significantly influenced RER, with
effects varying across time points. Average RER was reduced in the UVB group during
the dark period on Day 1 and during UVB exposure on Day 2 (Figure 3D). Although UVB
irradiation did not significantly alter the overall mean VO,, time-dependent effects were
observed (Figure 3E). Furthermore, average VO, tended to be higher in the UVB group
compared to controls during UVB exposure on Day 1 and during the dark period on Day 2
(Figure 3F). Collectively, these results indicated that UVB irradiation slightly lowered RER,
increased VO,, and reduced locomotor activity at select time points.

3.3. UVB Effects on Plasma Metabolome

To investigate systemic metabolic changes induced by UVB irradiation, we analyzed
circulating hormones and plasma metabolite profiles in mice. Plasma samples were col-
lected from control and UVB groups, and metabolites were quantified by CE-MS, enabling
sensitive detection of hydrophilic metabolites from small plasma volumes. Plasma corti-
costerone (CORT), thyroid-stimulating hormone (TSH), and insulin concentrations were
comparable between the mice groups (Supplementary Figure S3A-C). Similarly, UVB irra-
diation did not significantly affect plasma glucose or non-esterified fatty acid (NEFA) levels
(Supplementary Figure S3D,E). Principal component analysis (PCA) revealed partial clus-
tering between the control and UVB groups (Figure 4A). Of the 158 metabolites identified by
CE-MS, 15 were significantly elevated in the UVB group based on raw p-values (Figure 4B), al-
though none remained significantly high after adjusting for multiple comparisons (Figure 4C).
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Despite this, we focused on plasma succinate because it was an A Priori target metabolite,
based on previous reports linking succinate to brown adipose tissue (BAT) thermogenesis
and mitochondrial activation [41]. Plasma succinate concentration was lower in the UVB
group compared to controls (Figure 4D). Pathway enrichment analysis of the raw p-value
dataset highlighted significant involvement of nicotinate and nicotinamide metabolism
and propanoate metabolism pathways (Figure 4E). Together, these results suggested that
long-term, low-dose UVB irradiation induces mild but detectable alternations in the plasma
metabolomic profile.
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Figure 4. Plasma metabolomic signatures following UVB irradiation. (A) PCA of plasma metabolite
profiles (Control, n = 7; UVB, n = 8). Percentages indicate the variance explained by PC1 and PC2.
(B) Volcano plot of 158 identified plasma metabolites. Metabolites with p < 0.05 (15 metabolites) are
highlighted in cyan. Dashed lines indicate a twofold change and p < 0.05 (Welch’s test). (C) Volcano
plot after multiple comparison correction using the Benjamini—Krieger—Yekutieli method (Welch’s
test). (D) Plasma succinate concentrations in control and UVB groups. The dots indicate individual
mouse data points within each group. Significant differences were assessed by unpaired two-tailed
Welch’s test (* p < 0.05). (E) Pathway enrichment analysis. Fractions indicate the number of hits
relative to the total number of compounds in each pathway. PCA, principal component analysis; PC1,
principal component 1; PC2, principal component 2.
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3.4. Body Surface Temperature Is Increased by UV B Irradiation

Given the observed reduction in plasma levels of succinate—a metabolite associated
with thermogenesis—we next examined whether UVB exposure influences body tem-
perature and BAT thermogenic activity [40]. Body surface temperature was measured
at ambient temperatures of 24 °C and 30 °C using an infrared camera at baseline (pre-
irradiation), immediately after irradiation (0 h), and 3 h post-irradiation (Figure 5A). At
24 °C, body surface temperature in the UVB group was significantly higher than that in
the control group both immediately after and 3 h after irradiation (Figure 5B). At 30 °C,
surface temperature in the UVB group was elevated relative to controls immediately after
irradiation but not at 3 h post-irradiation (Figure 5C).

Next, we measured the expression of thermogenic genes in iBAT by RT-qPCR to
determine whether UVB irradiation activates thermogenic pathways. After 7 weeks of UVB
irradiation, expression of Ucp1, Ppargcla, and Ppara was moderately elevated in iBAT when
normalized to Actb as the housekeeping gene (Figure 5D). However, Ucpl and Ppargcla
levels were not consistently increased when normalized to alternative housekeeping genes
(Tbp and Rnal8snb5, Supplementary Figure S4A,B). Because iBAT is anatomically distant
from the irradiation site, we also examined tissues directly exposed to UVB, including
dorsal skin and subcutaneous fat, which have been reported to undergo “browning” upon
UVB exposure [21]. In the UVB group, Cidea expression in dorsal skin with subcutaneous fat
was significantly higher than in controls (Figure 6). Collectively, although the effects were
modest, these findings indicated that UVB irradiation elevates body surface temperature
and upregulates thermogenesis-associated gene expression, suggesting partial activation of
thermogenic processes in iBAT.

A
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Figure 5. Body surface temperature and thermogenic gene expression in interscapular brown adipose
tissue (iBAT) after UVB irradiation. (A) Experimental protocol for infrared camera-based body surface
temperature measurement. (B,C) Surface body temperature at baseline, immediately after irradiation
(0 h), and 3 h post-irradiation at 24 °C (B) and 30 °C (C). (D) mRNA expression of thermogenesis-
related genes in iBAT. The dots indicate individual mouse data points within each group. Data are
presented as mean £ SEM (Control, n = 8; UVB, n = 5). Significant differences between control and
UVB groups were assessed by unpaired two-tailed Welch’s test (* p < 0.05). Control data are shown in
black; UVB data are shown in cyan.
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Figure 6. mRNA expression in dorsal skin and subcutaneous fat after UVB irradiation. The dots
indicate individual mouse data points within each group. Data are expressed as mean = SEM (Control,
n =8; UVB, n = 8). Significant differences between control and UVB groups were determined by an
unpaired two-tailed Welch’s test (* p < 0.05). ND, not detected.

4. Discussion

In this study, we investigated the effects of long-term, low-dose narrowband UVB
irradiation on systemic metabolism, plasma metabolites, and BAT thermogenic activity
in mice. UVB exposure modestly influenced energy metabolism, as reflected by time-
dependent alterations in RER, VO,, and locomotor activity. Plasma metabolomic analysis
revealed a significant reduction in the levels of succinate, a metabolite implicated in the
regulation of BAT thermogenesis [41]. In line with this finding, UVB irradiation increased
body surface temperature and upregulated thermogenic gene expression in iBAT, indicating
that UVB may promote energy expenditure, at least in part, through BAT activation.

Among the 158 metabolites analyzed, 15 showed significant differences between the
Control and UVB groups based on raw p-values; however, these did not remain significant
after multiple comparison correction (Figure 4). These results likely reflect modest UVB-
induced metabolic changes masked by stringent multiple-comparison correction criteria,
rather than a genuine absence of biological significance among these metabolites. Succinate
functions as a tricarboxylic acid (TCA) cycle intermediate and as a signaling metabolite
that promotes BAT thermogenesis by fueling mitochondrial respiration and stimulating
reactive oxygen species-dependent UCP1 activation [41]. The reduction in plasma succinate
observed in our study may therefore reflect enhanced uptake and utilization by BAT, con-
sistent with the elevated body surface temperature and modest increases in thermogenic
gene expression. Furthermore, pathway enrichment analysis indicated alterations in nicoti-
nate and nicotinamide metabolism and in propanoate metabolism (Figure 4E). Nicotinate
and nicotinamide metabolism is closely associated with the NAD*/NADH balance, a key
regulator of mitochondrial oxidative capacity and energy metabolism [42]. Propanoate
metabolism, which generates succinyl-CoA from propionyl-CoA, provides additional TCA
cycle intermediates [43] and may facilitate substrate utilization. Taken together, these re-
sults suggested that UVB irradiation modulates systemic energy metabolism by influencing
succinate-dependent thermogenic pathways and by shifting broader metabolic networks
toward enhanced mitochondrial function and fatty acid oxidation.

UVB irradiation also influenced whole-body energy metabolism in a time-dependent
manner. During the dark period on Day 1, locomotor activity was slightly higher in the
control group, potentially contributing to the higher RER observed at corresponding time
points. However, the UVB group showed reduced RER even during the light phase and
during the subsequent dark period when activity levels were comparable, suggesting
that the metabolic shift was not solely attributable to differences in movement. Although
average VO, across the experimental period did not differ significantly between groups,
transient increases were observed during UVB exposure and the dark phase, while RER
decreased at specific time points (Figure 3C-F), indicating a shift toward greater lipid
utilization. Although the transient decrease in RER suggests a shift toward enhanced lipid
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oxidation, this change occurred without detectable alterations in plasma corticosterone
or hypothalamic neuropeptides (Npy, Agrp, Pomc, Cart). Hence, activation of the classical
HPA axis or melanocortin pathways appears unlikely under these low-dose conditions
[17-21]. Other mechanisms may contribute, including sympathetic activation of peripheral
tissues, altered adipose lipolysis, or modulation of mitochondrial oxidative capacity in
brown or beige adipocytes. Previous studies have shown that sub-erythemal UV expo-
sure can elevate norepinephrine release and promote adipose (3-adrenergic signaling [21]
or enhance nitric-oxide-mediated mitochondrial function [27]. These pathways could
facilitate greater lipid utilization independently of hypothalamic regulation. Future ex-
periments incorporating sympathetic-nerve activity recording, catecholamine assays, and
mitochondrial-respiration measurements will help clarify this mechanism. Norepinephrine
activates (3-adrenergic signaling in white adipose tissue (WAT), stimulating lipolysis and
promoting fatty acid mobilization [44]. The released fatty acids can subsequently serve as
oxidative substrates in other tissues, including BAT and skeletal muscle. Therefore, it is
possible that low-dose narrowband UVB exposure modulates systemic metabolism primar-
ily through a norepinephrine-mediated lipolytic pathway rather than via the HPA axis or
central hypothalamic regulation. This sympathetic activation pathway may also underlie
the reported protective effects of UVB against HFD-induced hepatic steatosis [15,16,35].
Future studies should directly evaluate UVB’s impact on lipolytic activity in WAT to clarify
this potential mechanism.

Body surface temperature analysis further supported UVB-induced thermogenic ac-
tivation. At 24 °C, UVB increased body surface temperature both immediately after and
3 h after irradiation, whereas at 30 °C, the effect was transient, dissipating by 3 h. These
findings suggested that ambient temperature modulates the persistence of UVB’s thermo-
genic effects, consistent with the attenuated BAT activity observed under thermoneutral
conditions (~30 °C). Seven weeks of UVB treatment also elevated the expression of ther-
mogenic genes, including Ucpl, Ppargcla, and Ppara, in iBAT, although normalization
against different housekeeping genes yielded variable results. In the directly irradiated
dorsal skin and subcutaneous fat, Cidea expression was significantly increased, indicating
local transcriptional responses in addition to systemic BAT activation. Previous studies
similarly reported UVB-induced thermogenic pathways, particularly through Ucpl upreg-
ulation [21,27,35]. Moreover, our metabolomics data revealed alterations in methionine
and aspartic acid—metabolites previously linked to iBAT thermogenesis [45,46]—further
supporting a link between metabolic reprogramming and BAT activation. Although el-
evated surface temperature and the modest, variable induction of Ucpl and Ppargcla in
iBAT suggest partial thermogenic activation rather than definitive upregulation, UVB expo-
sure could also trigger local or systemic inflammatory responses that secondarily elevate
skin temperature. While no overt erythema or edema was observed, the possibility of
subclinical inflammation cannot be excluded. Because inflammatory markers were not
quantified in the present study, these data should be regarded as inconclusive with respect
to genuine thermogenesis. Future studies will incorporate assessments of inflammatory
markers (e.g., 1116, Tnfa, Cox2), circulating cytokines (IL-6, TNF-c), and histological analy-
ses (e.g., macrophage infiltration) alongside thermogenic markers to delineate the relative
contributions of inflammation and brown adipose tissue activation.

Previous studies have reported variable effects of UVB exposure on systemic
metabolism in mice. In terms of body weight, we observed no significant changes, con-
sistent with a report showing that sub-erythemal UVB irradiation at 100 mJ/cm? (65%
UVB, twice weekly for 12 weeks) did not affect body weight in mature adult mice [16]. In
contrast, daily exposure at 50 mJ/cm? for 10 weeks increased weight gain selectively in
male mice [20]. Similarly, effects on energy expenditure have been inconsistent. In our
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study, we observed only a modest upward trend in VO, during and after UVB exposure. In
contrast, one study reported no change in basal VO, under daily 50 m]/ cm? irradiation [20],
whereas higher-dose protocols (100-400 m]/cm?, three times weekly for 12 weeks) signifi-
cantly increased energy expenditure [21]. Reports on food intake also vary. We detected
no significant or consistent changes under a normal diet, whereas daily 50 mJ /cm? irradi-
ation increased food intake in males only [20], and higher-dose exposures altered intake,
although outcomes differed across cohorts [21]. These discrepancies highlighted the critical
influence of irradiation parameters—including wavelength, dose, and frequency—on sys-
temic outcomes. By using a controlled LED-based UVB system, our study highlighted the
gaps in the current literature and emphasized the need for systematic comparisons of UVB
dose, intensity, and wavelength to elucidate the metabolic consequences of phototherapy.
Although the effects of UVB irradiation observed herein were modest, our findings
indicated that UVB has the capacity to influence systemic energy balance. Prior studies
have demonstrated that chronic sub-erythemal UVB can alleviate HFD-induced obesity and
glucose intolerance in mice [14-16] and that UVB enhances BAT activation when combined
with physical activity [35]. Our results extended this work by linking UVB exposure
to metabolite alterations, body surface temperature, and thermogenic gene expression.
Additionally, our study did not investigate the possible effects of narrowband low-dose
UVB on oxidative stress and DNA damage in the skin, although UVB exposure is known
to induce such effects [47]. Chronic irradiation with broadband UVB lacking a UVC-cut
filter has been shown to cause skin carcinogenesis [48]; however, to our knowledge, no
evidence of carcinogenic effects from chronic irradiation with narrowband UVB has been
reported. Future studies should therefore include serial skin biopsies following equivalent
low-dose exposure and comprehensively analyze molecular pathways related to oxidative
stress, DNA repair, and carcinogenesis to ensure the safety of long-term phototherapy.

5. Conclusions

This study demonstrated that chronic, low-dose narrowband UVB irradiation modestly
alters systemic metabolism, BAT thermogenic activity, and the plasma metabolome in mice.
UVB exposure modestly lowered RER, suggesting a possible shift toward greater lipid
use, which was accompanied by decreased plasma succinate levels and modest induction
of thermogenic genes. The expression of Ucpl and other thermogenic markers showed
a variable but overall upward trend, indicating partial rather than definitive activation
of BAT. Collectively, these findings add to the growing evidence that UVB exposure can
influence systemic energy metabolism and highlight its potential as a mild, adjunctive
approach for modulating energy balance. Further investigations should systematically
define optimal dose, duration, and mechanistic pathways and evaluate the translational
relevance of UVB-based interventions for metabolic disorders.
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The following abbreviations are used in this manuscript:

BAT brown adipose tissue

ELISA enzyme-linked immunosorbent assay

HPA hypothalamic-pituitary—adrenal

KEGG Kyoto Encyclopedia of Genes and Genomes
LED light-emitting diode

NEFA non-esterified fatty acids

Ppara peroxisome proliferator-activated receptor alpha
REE resting energy expenditure

RER respiratory exchange ratio

RT-gPCR  reverse transcription quantitative polymerase chain reaction
Tbp TATA box-binding protein

TSH thyroid-stimulating hormone

UCP1 uncoupling protein 1

UVA ultraviolet A

UVB ultraviolet B

VO, oxygen consumption

ZT zeitgeber time

Actf 3-actin

Cidea cell death-inducing DFFA-like effector a
PCA principal component analysis

HFD high-fat diet

CORT corticosterone

iBAT interscapular brown adipose tissue

TCA tricarboxylic acid
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