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The study results regarding the effects of low-carbohydrate (LC)
diets remain controversial; hence further research is required to
assess their safety. Here, we examined whether LC diets cause
skin damage in C57BL/6J mice. Six-week-old female mice (n = 20)
were fed an LC (protein/fat/carbohydrate energy ratio = 35:45:20)
or control diet ad libitum for eight weeks, after which their
backs were shaved, and a subset of the mice were exposed to
ultraviolet B radiation thrice per week. Ultraviolet B irradiation
induced wrinkle formation on the skin surface, and thickening of
the epidermis, which was also noticeable in the LC diet-fed mice
in the absence of ultraviolet B radiation. Meanwhile, the number
of epidermal melanocytes and degree of horny layer keratosis
increased in the LC diet-fed mice following ultraviolet B irradia‐
tion. mRNA expression analysis of the liver and skin showed
decreased levels of the antioxidant enzyme superoxide dismutase
1 following ultraviolet B irradiation only in the LC diet-fed mice.
Alternatively, the expression of pro-inflammatory cytokines,
tumor necrosis factor-α and interleukin-1β, increased in response
to ultraviolet B radiation and LC diet intake. Hence, LC diets may
adversely affect skin morphology and exacerbate the effects of
ultraviolet B irradiation, which may be associated with anti‐
oxidant dysfunction.
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L ow-carbohydrate (LC) diets are widely recognized for their
effects on the regulation of blood sugar and lipid levels and

weight reduction. This diet has attracted attention as a means to
treat, or even prevent, lifestyle-related diseases.(1–5) However,
different studies have reported varying effects elicited by an LC
diet, with no clear consensus reached regarding the effects of LC
diets on biological function. Notably, several of the reported
positive effects of LC, including regulation of blood sugar and
induction of weight loss, have only been observed in hyper‐
glycemic or obese subjects, respectively.(1–5) Meanwhile, results
of our previous study demonstrated that LC diets had adverse
effects on nonobese animal models, including kidney damage
and lipid metabolism suppression, while having no effects on
weight loss or blood sugar control.(6,7) Moreover, the administra‐
tion of LC diets has also been reported to accelerate aging
and cause heart disease, hence raising questions about their
safety.(8–12) In recent years, many media outlets have promoted
LC diets for the maintenance of good health (i.e., to prevent
aging and obesity), causing a subsequent increase in the number
of people following these diets, even among nonobese individ‐
uals. Meanwhile, a decrease in dietary carbohydrate levels has

been found to be accompanied by an increase in dietary fat and
protein levels. It is, therefore, necessary to examine the safety of
LC diets as well as their potential impact on all aspects of human
health.
The skin, considered to be the largest organ in humans, func‐

tions as a sensor for exogenous stimuli, undergoing dynamic
changes in response to internal and external environmental
changes.(13–15) Okouchi et al.(11) reported that LC diets aggravate
skin aging in SAMP8 mice, a model of accelerated aging. Mean‐
while, photoaging, which is distinct from chronological aging, is
defined as deterioration of the skin morphology as a result of
ultraviolet (UV) radiation.(13,14,16) Both chronological aging and
photoaging induce similar changes in fundamental molecular
pathways.(17) Specifically, abnormal keratinization and inflamma‐
tory reactions occur as a result of skin exposure to UV radiation.
While chronic UV exposure causes photoaging, and adversely
affects the skin morphology by promoting the formation of senile
pigment spots and wrinkles, as well as sagging and dryness,
which are known to be induced by oxidative stress.(17–19) UV
radiation is comprised of 5% ultraviolet B (UVB), which is
primarily absorbed by the epidermis, the outer layer of the skin.
This type of UV radiation is considered very powerful, damaging
cells and causing skin inflammation and sunburns.(13,15,16,19)

Although LC diets are presumed to have an effect on photoaging,
their effects when combined with UV radiation, remains unknown.

Hence, the current study used a rodent model to investigate the
effect of a LC diet with a moderately-high fat and protein compo‐
sition. Moreover, the mice were irradiated with UVB following
LC or normal diet intake and examined for changes in skin
morphology as well as in oxidative stress and pro-inflammatory
cytokine expression within the skin.

Materials and Methods

Animals and diet. Six-week-old specific pathogen-free
female C57BL/6J mice (n = 20; Sankyo Lab Services, Inc.,
Tokyo, Japan) were randomly housed in cages (five animals per
cage) in a temperature-controlled room at 24°C with a 12 h light/
dark cycle. The number of mice in each group was set to five as
the lowest number that could be statistically analyzed. All mice
were initially fed a control diet (AIN-93G diet) for one week
during the acclimation period. They were then divided into two
groups, an LC group [protein/fat/carbohydrate (PFC) energy ratio
= 45:35:20] and a control group (PFC energy ratio = 20:16:64)
and were maintained for eight weeks. Table 1 shows the compo‐
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sition of the experimental diet. The mineral content, including
the calcium, potassium, phosphorus, and sodium levels were
adjusted to be equal in the two experimental diets. Mice were
allowed free access to food and drinking water throughout the
acclimation and experimental periods. Individual mouse weights
and food consumption rates per cage were recorded twice
weekly. At the end of 8-week feeding period, the mice were
fasted for 8 h then sacrificed cervical dislocation under
anesthesia by isoflurane inhalation. This study was approved
by the Daito Bunka University Animal Experiment Committee
(ASH18-006) and complied with the guidelines of the Japanese
Council on Animal Research at Daito Bunka University in
Saitama, Japan.

UVB irradiation. Irradiation was performed using a GL20SE
lamp (Sankyo Denki Co., Ltd., Tokyo, Japan) as the UVB
irradiation source. All mice were allowed to move freely within
the cage, with the distance between the lamp and the back of the
mouse set at 30 cm, and a dose of 120 mJ/cm3 applied as the

Table 1. Composition of the experimental diet

Control LC

PFC energy ratio (%)

 Carbohydrate 64 20

 Protein 20 35

 Fat 16 45

Energy (kcal/g) 4.0 4.8

(kJ/g) 16.7 20.1

Ingredient (g/kg)

 Casein 200.0 345.0

 Cornstarch 397.5 —

 Maltodextrin 10 132.0 132.0

 Sucrose 100.0 64.9

 Cellulose 50.0 50.0

 Soybean oil 70.0 70.0

 Lard — 130.0

 Mineral mix S10022G† 35.0 0.0

 Mineral mix S10022C‡ — 3.5

 Calcium carbonate — 12.5

 Potassium citrate — 6.5

 Potassium phosphate — 1.8

 Sodium chloride — 2.6

 Vitamin mix V10037§ 10.0 10.0

 L-Cystine 3.0 5.2

 Choline bitartrate 2.5 2.5

 t-Butylthdroquinone 0.014 0.014

A control and LC diet were prepared using material composition based
on AIN-93G (American Institute of Nutrition). Control, control diet; LC,
low-carbohydrate diet; PFC, protein/fat/carbohydrate. †AIN-93G mineral
mix, ‡AIN-93G mineral mix except for calcium carbonate, potassium
citrate, sodium chloride (Research Diet Inc.), §Vitamin Mix for AIN-93
with Biotin (including vitamin A, vitamin D3, vitamin E, and vitamin B
group, Research Diet Inc.)

minimum erythema dose.(15) This procedure was carried out once
for 1 h per day, three days per week for a total of eight weeks.
This dose was based on that described in a previous study, to
match the typical 2-h doses received by humans following expo‐
sure to UV rays in Osaka, Japan.(15) Notably, the UVB lamp used
in this experiment (i.e., GL20SE) is confirmed, from its absorp‐
tion spectrum, to contain no ultraviolet C (less than 280 nm).

Serum and tissue sampling. At the end of 8-week feeding
period, the mice were fasted for 8 h then anesthetized by
isoflurane inhalation. Blood was sampled through the orbital
cavity and separated to serum by centrifugation. They were
then sacrificed by cervical dislocation under anesthesia, and the
livers, kidneys, spleen, and the left and right perirenal fat were
immediately removed and weighed.

Morphological observation of the skin. After dissection, a
portion of the dorsal skin at the UVB irradiation site (area: 1 ×
2 cm) was collected, fixed with formalin, embedded in paraffin,
and sliced into 3-μm-thick sections, which were then stained
with hematoxylin and eosin (H&E). Epidermal thickness was
measured at 20 random points per mouse, excluding the upper
portion of the pore and sweat glands. Epidermal thickness and
subcutaneous fat levels were measured using ImageJ software
(ver. 1.51, National Institutes of Health, Bethesda, MD).

Histological analysis of perirenal fat. The perirenal fat
were then fixed in formalin, embedded in paraffin, sliced into
3-mm-thick sections, and stained with H&E. The adipocyte
area was measured at 50 random points per mouse and analyzed
using ImageJ.

Gene expression analysis using real-time PCR. Hepatic
and skin RNA extraction was performed using Isogen II (Nippon
Gene Co., Ltd., Toyama, Japan), according to the manufacturer’s
instructions. Subsequently, 1 μg of total RNA was reverse
transcribed using a PrimeScript RT Reagent Kit (Takara Bio
Inc., Shiga, Japan). Real-time PCR was performed using SYBR
Green Master Mix (Takara Bio Inc.) and gene-specific primers
(Applied Biosystems, Foster City, CA). Table 2 shows the primer
sequences used for the amplification of Sod1, Gpx1, Foxo1,
Tnfa, and Il1b. Relative changes in the expression of each gene
were analyzed and normalized using the 18S ribosomal RNA
expression as an internal standard.

Statistical analysis. All results are presented as the average
value ± SE. All statistical analyses were performed using SPSS
Statistics ver. 19.0 (IBM Corp., Armonk, NY), with the signifi‐
cance level set to <5%. After normality was confirmed using
Shapiro–Wilk normality test, two-way analysis of variance
(ANOVA) was performed. Multiple comparison tests between
groups were performed using Tukey’s method for items for
which an interaction was observed.

Results

Changes in body weight, organ weight, and energy intake.
During the experimental period, the body weight of mice fed the
LC diet was significantly higher than that of the mice fed the
control diet (Fig. 1, Table 3; LC diet effect: p = 0.041). Liver
weight was found to significantly increase following UVB irradi‐
ation (Table 3; UVB effect: p<0.05). Kidney and spleen weights

Table 2. Primers used for real-time PCR

Gene Abbr. Forward primer 5'-3' (F) Reverse primer 5'-3' (R)

Superoxide dismutase 1 Sod1 ACCAGTGCAGGACCTCATTTTAA AGGTCTCCAACATGCCTCTCTTC

Glutathione peroxidase 1 Gpx1 CCTTGCCAACACCCAGTGA GGCACACCGGAGACCAAAT

Forkhead box O1 Foxo1 ACGGGCTGTCTGTCTGTC TAAGTGAAGTTTCTCTGTGGTTTC

Tumor necrosis factor-alpha Tnfa GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG

Interleukin-1beta IL1b CAACCAACAAGTGATATTCTCCATG AGATCCACACTCTCAGCTGCA
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significantly increased in the mice fed the LC diet (Table 3; LC
diet effect: p<0.05). As five mice were housed per cage, the
experimental diet intake per animal was measured by dividing
the whole intake by the number of mice in each cage. However,
no difference was observed in the energy intake (Table 3). In
addition, no difference in fasting blood glucose was observed
between the groups (Table 4).

Morphological observation of the skin. Morphological
examination showed that UVB radiation caused the formation
of wrinkles in mice fed the LC diet and those fed the control
diet, with deeper wrinkles and pigmentation observed in mice
fed the LC diet (Fig. 2A). Morphological observation confirmed
that the UVB radiation also caused significant thickening of the
epidermis (Fig. 2B; indicated by the black arrow, Fig. 2D; UVB
effect, p = 0.001). In addition, epidermal thickening was noted in

8

12

16

20

24

0 1 2 3 4 5 6 7 8

B
od

y 
w

ei
gh

t 
(g

)

After beginning the experimental diet (weeks)

C
C+UV
LC
LC+UV

p<0.05, C vs LC by two-way ANOVA

Fig. 1. Body weight changes. Both control and LC diets were provided
ad libitum for eight weeks, and the body weight was measured twice
a week. C, control diet; C + UV, control + UVB irradiation; LC, low-
carbohydrate diet; LC + UV, low-carbohydrate diet + UVB irradiation.
The values represent the mean ± SE (n = 5).

the mice fed the LC diet (Fig. 2D; LC diet effect; p = 0.023).
In comparison to those fed the control diet, mice fed the LC diet
exhibited an increase in the number of melanocytes (Fig. 2B
indicated by the white arrows) and parakeratosis cells (Fig. 2B;
indicated by the red arrows), as well as the degree of keratiniza‐
tion in the keratin layer under UVB irradiation (Fig. 2B; indi‐
cated by the green arrows). Parakeratosis cells were observed in
all mice fed the LC diet exposed to UVB radiation (Fig. 2B; indi‐
cated by the red arrows), however, were not seen in the mice
from any other group. We also observed that the area of subcuta‐
neous adipocytes significantly decreased after exposure to UVB
radiation (Fig. 2C and E; UVB effect: p<0.001), while the LC
diet had no effect on the subcutaneous adipocyte area (Fig. 2C).

Perirenal fat weight and adipocyte area. We observed that
the perirenal adipocyte area was significantly enlarged in mice
fed the LC diet (Fig. 3A and C; LC diet effect: p = 0.010),
however, was significantly decreased in size after exposure to
UVB radiation (Fig. 3A and C; UVB effect: p = 0.002). In addi‐
tion, the perirenal fat tissue weight significantly increased after
mice were fed the LC diet (Fig. 3B; LC diet effect: p = 0.014),
and significantly decreased following exposure to UVB radiation
(Fig. 3B; UVB effect: p = 0.025).

Hepatic and skin mRNA expression levels of antioxidant
and antioxidant-related factors. The mRNA expression
levels of antioxidant and antioxidant-related factors in the liver
and skin were measured. Analysis using two-way ANOVA
showed an interaction between the effects of LC diet and UVB
on the liver and skin expression of Sod1 (Fig. 4A; p = 0.029,
Fig. 4D; p = 0.018). We subsequently performed a multiple
comparison test for each group and found that the hepatic and
skin Sod1 expression levels significantly decreased after expo‐
sure to UVB radiation only in mice fed the LC diet (Fig. 4A:
p = 0.030, Fig. 4D: p = 0.044). Moreover, the Gpx1 and Foxo1
expression levels showed a decreasing tendency after exposure to
UVB radiation in the liver and skin; however, no significant
difference was observed (Fig. 4B, C, E, and F). Gene expression
analysis in the liver and skin showed that both the LC diet and
UVB irradiation had similar effects.

Skin mRNA expression levels of pro-inflammatory
cytokines. We observed that the mRNA expression levels of
Tnfa and Il1b significantly increased in the skin of mice
following exposure to UVB radiation (Fig. 5A and B; UVB
effect: p<0.001). These pro-inflammatory cytokines were also

Table 3. Body weight, organs weight, and food intake

Control LC Control + UVB LC + UVB

Initial body weight (g) 15.52 ± 0.11 15.26 ± 0.11 15.53 ± 0.21 15.78 ± 0.14

Final body weight (g) 18.71 ± 0.31 21.97 ± 0.22 18.51 ± 0.20 21.4 ± 0.20

Weight gains (g) 3.19 ± 0.09 6.71 ± 0.05 2.98 ± 0.09 5.62 ± 0.06

liver (g)‡ 0.672 ± 0.028 0.781 ± 0.044 0.778 ± 0.024 0.849 ± 0.032

kidney (g)† 0.211 ± 0.01 0.279 ± 0.008 0.226 ± 0.01 0.267 ± 0.013

spleen (g)† 0.145 ± 0.025 0.183 ± 0.01 0.154 ± 0.019 0.175 ± 0.029

perirenal fat (g)† 0.145 ± 0.027 0.323 ± 0.02 0.126 ± 0.048 0.237 ± 0.031

food intake (g/day/mice) 24.04 ± 1.92 27.17 ± 1.49 26.15 ± 2.07 27.93 ± 2.72

Values represent the mean ± SE (n = 5). †Affected by LC diet intake (p<0.05), ‡affected by UVB irradiation intake (p<0.05) by
Two-way ANOVA.

Table 4. Fasting blood glucose concentration

Control LC Control + UVB LC + UVB

Glucose (mg/dl) 168.1 ± 24.3 173.7 ± 23.9 160.3 ± 26.8 176.5 ± 23.9

Values represent the mean ± SE (n = 5).
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significantly upregulated in the skin of mice fed the LC diet
(Fig. 5A, LC diet effect: p = 0.048; Fig. 5B, LC diet effect:
p = 0.009).

Discussion

Herein, we have demonstrated, for the first time, that an LC
diet adversely impacted mouse skin morphology, which was even
more pronounced during photoaging triggered by application of
UVB radiation. This phenomenon was suggested to be associated
with a decrease in Sod1 gene expression in the skin and liver due
to an LC diet and UVB irradiation.
Thickening of the epidermis is one of the most prominent

signs of photoaging, which is considered to be an extrinsic type
of aging caused by UV rays and is a phenomenon not observed
during endogenous aging.(11,14,17,18) Chronological skin aging
causes the skin to atrophy and become thin, whereas photoaging
causes the epidermis to become thicker as a defense mechanism
to protect the basal cell layer and dermal layer from UV rays.
UVB radiation generates reactive oxygen species (ROS) in
the skin tissue, inducing the production of pro-inflammatory

cytokines (TNF-α, IL-1β, etc.), activation of transcription factor
activator protein-1 (AP-1) and nuclear factor-κB (NF-κB),
and increasing the production of matrix metalloproteinases
(MMPs).(14–18) In particular, the expression of MMP-1, MMP-3,
and MMP-9 in skin fibroblasts, which induce epidermis thick‐
ening, are known to be upregulated by UVB radiation.(20) These
effects are mediated by the activation of stress kinase c-jun
N-terminal kinase 2 via generation of ROS and lipid peroxidation
by the ion-driven Fenton reaction.(10) Therefore, to eliminate the
effects of ROS generated by UVB, antioxidants, such as super‐
oxide dismutase (SOD), glutathione peroxidase (Gpx), catalase,
and forkhead box O1 (Foxo1) are expressed in the skin tissue.

Our results further revealed that thickening of the epidermis in
groups fed an LC diet with or without exposure to UV radiation.
Although epidermal thickening was significantly induced by
UVB radiation, this effect was most pronounced in LC-fed mice.
This can be explained by the reduced antioxidant capacity due to
reduced Sod1 levels in the liver and skin. Although no difference
was observed statistically in the mRNA levels of Gpx1 and
Foxo1, they tended to decrease in both the control and the LC
diet groups.

0

20

40

60

80

Control LC

UV(–)
UV(+)

A
di

po
cy

te
 a

re
a

(μ
m

2 )

Ep
id

id
ym

al
 t

hi
ck

ne
ss

(μ
m

)

LC LC+UVControl+UVControl

A

B

C

D E

0

1,000

2,000

3,000

4,000

Control LC

UV(–)
UV(+)

100 μm 100 μm 100 μm 100 μm

100 μm 100 μm 100 μm 100 μm
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Additionally, the mRNA expression of pro-inflammatory
cytokines, Tnfa and Il1b, was markedly upregulated in the skin of
mice following UVB irradiation, as well as following ingestion
of the LC diet. Therefore, it was speculated that the LC diet
caused thickening of the skin epidermis by increasing pro-
inflammatory cytokines in response to decreased antioxidants,

including not measured in this experiment. Moreover, the
presence of parakeratosis and melanocytes in the UVB radiated
LC diet group also implies the action of ROS and related pro-
inflammatory cytokines. Parakeratosis, in which cell enucleation
is inhibited and nuclei are retained within the stratum corneum,
and melanocytes, also arises from ROS production and pro-
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inflammatory cytokine production following UVB irradiation.(21–23)

The mechanism underlying epidermal thickening as a result of
LC diet intake, even without exposure to UVB radiation, has not
yet been clarified. However, as pointed out in a previous study,
this mechanism may be related to the following phenomena
induced by LC diets: an increase in hepatic ROS levels, which is
associated with a decrease in antioxidant enzymes, and subse‐
quent translocation of ROS generated from the liver to skin via
the blood vessels.(20) LC diets induce an increase in thiobarbituric
acid reactive substances in the skin, promote chronic inflamma‐
tion, and further suppress the autophagic activity associated with
decreased mTOR activation.(11,24,25) Therefore, ROS produced in
the skin may amplify the ROS migrated from the liver to worsen
skin morphology. In addition, skin damage resulting from LC
diet intake while being exposed to UVB radiation appears to
occur as a result of an increase in pro-inflammatory cytokines as
well as NF-κB and MMP activation, which may be directly
induced by oxidative stress.(14,15,19) This was demonstrated for the
first time supported by our results, that the expression of the pro-
inflammatory cytokines, TNF-α and IL-1β, increases following
ingestion of an LC diet in the skin. Therefore, similar to UV-
induced photoaging, LC diets may increase damage under
environmental factors known to adversely affect the epidermis,
such as trace X-rays and urban particulate matter,(26,27) leading to
induction of the inflammatory response and subsequent skin
damage. However, this study did not assess the effect of LC diets
on MMP expression, which directly represents thickening of the
epidermis, and proof of transfer of oxidative stress from the liver,
thus, further research is needed to understand the mechanisms
underlying these phenomena associated with LC diet intake, as
well as to further clarify the effects induced by LC diets on skin
morphology.

In non-obese mice, the administration of LC diets led to an
increase in body weight and perirenal fat, however, did not affect
blood glucose. It could be speculated that the hypertrophy of
adipocytes in the LC diet triggered changes in adipocytokines
and insulin sensitivity, which affect the blood glucose; however,
our results showed no effects on blood glucose levels. Since
insulin and leptin levels were not measured in this study, the
mechanism underlying the control of blood glucose levels
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requires further study. In this experiment, UVB radiation reduced
the number of adipocytes in both the subcutaneous and perirenal
fat. With regard to the perirenal fat in particular, the adipocyte
area, which was enlarged as a result of LC diet intake, decreased
with UVB irradiation. This effect is probably related to the
downregulation of Foxo1, which is known to inhibit adipocyte
hypertrophy. The Foxo1 gene the pro-inflammatory cytokines
IL-6, IL-8, and monocyte chemoattractant protein-3, produced
by keratinocytes and fibroblasts by UVB irradiation, may be
responsible for the reduction of subcutaneous fat.(28,29)

This is the first study, to our knowledge, to report that LC
diets cause an increase in pro-inflammatory cytokines and
morphological changes in skin, including epidermal thickening.
Meanwhile, in the presence of UVB radiation, LC diets deterio‐
rate the skin morphology by increasing the degree of para‐
keratosis and keratinization, while increasing the number of
melanocytes and thickening the epidermis by decreasing the
antioxidant capacity, processes that are known to result in an
increase in the number of spots and wrinkles. Hence, LC diets
may increase oxidative stress and pro-inflammatory cytokine
production, thereby exacerbating the effects of UVB irradiation,
which has a strong adverse effect on the body, particularly the
skin.
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