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Idiopathic, ulcerative dermatitis (UD) is a spontaneous, 
chronic disease generally affecting C57BL/6 mice and geneti-
cally engineered mice on a C57BL/6 background.2,22,46,47,56,57 
Prevalence rates of 4.1% to 26% have been reported,2,12,13,21 
with disease occurring predominately in female mice.12,21,45-47 
UD is characterized by intense pruritus and lesion formation 
predominantly on the head or dorsal thorax. Self-trauma 
likely contributes to wound severity and delayed wound heal-
ing.2,6,21,22,27,42,46,47,56,57 Once UD develops, lesions are typically 
unresponsive or only partially responsive to treatment.21,22,42,56 
The exact etiology of UD is unknown. Environmental factors, 
seasonal variation, microbial infection, follicular dystrophy, and 
immune complex vasculitis have all been proposed as predis-
posing factors for clinical disease development.2,16,21,22,26,46-48 
Regardless, UD is an important clinical issue that often affects 
biomedical research by causing premature removal of mice 
from studies due to humane euthanasia for severe UD lesions.

Diet has a profound effect on disease incidence and progres-
sion. Specifically, a number of studies have shown that calorie 
restriction to approximately 60% of the normal intake reduces 
the incidence of UD12,37,52 in susceptible mice. One study report-
ed that reducing dietary fat content fed to mice to 5% decreased 
the incidence of ulcerative lesions in the study population.28 In 

other studies, mice on an obesity-inducing diet (35% fat and high 
carbohydrate content) demonstrated increased UD lesions and 
impaired healing of induced wounds.41,55 In addition, deficient 
or excess dietary vitamin A or E content may predispose mice 
to UD development.16,22,24,48

In a study on the effects of a dietary multimineral supple-
ment on dietary fat-influenced colonic carcinogenesis,8 there 
appeared to be a decreased incidence of UD in HFWD mice that 
received the multimineral supplement (study A in the current 
report). This mineralized red-algae supplement (MS) has been 
proposed as a supplement for osteoarthritis symptoms,17,18 bone 
support,3,7 and gastrointestinal health.5,6,8 The exact mechanism 
through which the MS exerts its effects is unknown; however, 
antioxidant or antiinflammatory properties have been pro-
posed.8,23,33 To better evaluate this dermatitis-reducing effect, 
we followed the occurrence of UD in MS-supplemented and 
unsupplemented C57BL/6NCrl mice fed 2 diets—a standard 
rodent chow diet (American Institute of Nutrition 76A, AIN76A) 
and a high-fat, western-style diet (HFWD). We report 2 separate 
studies here. The first (study A) is the evaluation of the incidence 
of UD over a period of 15 mo in mice fed either the standard 
diet or HFWD.7,8 In a subset of HFWD-fed mice, we evaluated 
the UD modulatory effects of this MS. In the second study 
(study B, 19 mo), we compared the 2 diets and assessed the UD-
modulatory effects of MS supplementation on UD under both 
dietary conditions.30,31,53 The purpose of these investigations 
was to determine whether the HFWD—like previous obesity-
inducing diets (with higher fat and calorie content)—increased 
the incidence of UD and whether the MS decreased or impeded 
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obesity-inducing diets.55 In addition to these modifications, the 
HFWD has reduced contents of calcium, vitamin D, folic acid 
and choline, and methionine is replaced with cysteine; all other 
vitamin, mineral and amino acids contents were essentially the 
same for both diets. The HFWD was formulated according to a 
previous study.30,31 All diets were formulated, manufactured, 
and provided by Research Diets (New Brunswick, NJ). The 
analyses of the AIN76A diet and HFWD have been published 
previously.30,31,38,39

The MS used in this study consists of the inorganic remains 
of the red marine alga, Lithothamnion calcareum.1 The MS is 
approximately 12% calcium and 1% magnesium by weight 
and contains measurable levels of 72 other trace minerals. The 
mineral product is sold as a food supplement under the name 
Aquamin (generally regarded as safe 000028; Marigot, Cork, 
Ireland) and has been used in previous human trials17,18 and 
rodent studies.3-5,7,8

In both studies mice, were grouped by sex, and 5 mice were 
housed per cage. In study A, mice were randomly divided 
into 3 diet groups, each consisting of 10 male and 10 female 
mice, which received AIN76A rodent chow, HFWD, or HFWD 
with MS. In study B, mice were randomly divided into 4 diet 
groups consisting of 15 male and 15 female mice per diet. The 
diet groups were the same as for study A, with the addition of 
a fourth diet group (AIN76A with MS). Mice in both studies 
were started on their respective diets at 3 wk of age. Mice in 
study A were euthanized at 15 mo, and mice in Study B were 
euthanized at 18 to 19 mo after the start of the study.

Premortem examination. Mice in study A were evaluated for 
the incidence of UD over the course of the study, which was 
designed primarily as a colon polyp prevention study.8 In study 
B, mice were evaluated for incidence and severity of UD and for 
multiple clinical parameters associated with UD. Mice received 
a physical examination from a laboratory animal veterinarian 
on day 1 and every 2 wk until euthanasia or spontaneous death. 
In addition, mice underwent physical examination within 24 h 
of euthanasia. At each examination, mice were evaluated for 
alopecia, pruritus, excoriations, ulceration, and other derma-
tologic manifestations. When visible lesions were present, they 
were scored by using 4 criteria, as previously described.19 These 
criteria were each categorized on a scale of 0 to 3 in regard to 
the number of scratches in a 2-min period (0, no scratches; 1, 
less than 5; 2, 5 to 10; or 3, more than 10); character of the lesion  
(0, no lesion; 1, excoriations or single punctuate crust; 2, multi-
ple or coalescing crust; and 3, erosion or ulceration), length of 
lesioned skin (0, 0 cm; 1, 1 cm; 2, 1 to 2 cm; and 3, greater than 2 
cm), and body region(s) affected (0, none; 1, thoracic or abdomi-
nal region; 2, thoracic and abdominal region; and 3, any region 
involving the head). The average of the 4 scores combined,  
on a percentage scale, was used as an indication of disease 
severity.

Necropsy. For both studies, mice were euthanized by carbon 
dioxide followed by bilateral pneumothorax. Skin samples 
of mice on study A were collected for histologic examination 
(see following section). Mice in study B were weighed within 
24 h of euthanasia. Blood (>250 µL) was collected via cardio-
centesis after euthanasia. Samples were allowed to clot for 10 
min, and then serum was separated via centrifugation at 5200 
× g for 8 min. Serum was immediately stored at –20 °C until 
further processing. The weight of the spleen was recorded. 
The spleen was collected for flow cytometric analysis and his-
tologic examination. Mice were examined under a focal light 
for dermal lesions. Skin samples from all mice were collected 
for histologic examination. For these samples, sections were 

the development of UD in C57BL/6NCrl mice, irrespective of 
dietary fat content.

Materials and Methods
Experimental design. Both studies A and B were collaborations 

between the University of Michigan’s Department of Pathol-
ogy, Department of Statistics, and Unit for Laboratory Animal 
Medicine. Study A was designed to investigate the effect of mul-
timineral supplementation on the association between HFWD 
and colon carcinoma development and on bone structure and 
function.6-8 During the study, the research members and veteri-
nary staff noted that mice on the HFWD were developing UD at 
a more rapid and severe rate when compared with mice in the 
other diet groups, and it appeared that the multimineral sup-
plementation with a red algae- derived supplement (MS) had 
a modulatory effect on lesion development in the HFWD-fed 
group. Because study A showed strong evidence of mineral-
associated effects on the development of UD and because this 
effect had been evaluated in HFWD only, a second study (study 
B) was planned to evaluate the modulatory effects of MS sup-
plementation in both HFWD- and standard diet-fed animals. 
Additional evaluation parameters targeting UD were added.

Animals. Study A involved 30 female and 30 male C57BL/6NCrl 
mice, and study B used 60 female and 60 male C57BL/6NCrl 
mice (age, 3 wk; Charles River Laboratories, Portage, MI). In 
both studies, mice were maintained under SPF conditions and 
were housed in an AAALAC-accredited facility at the Unit for 
Laboratory Animal Medicine, University of Michigan Medical 
School, in compliance with the US Public Health Service Policy 
on Humane Care and Use of Laboratory Animals34 and in accord-
ance with the Guide for the Care and Use of Laboratory Animals.20 
All procedures were approved by the University of Michigan 
IACUC, in accordance with federal policy. Mice were kept on a 
12:12-h light:dark cycle, and temperature and relative humidity 
in the animal room were maintained at 22 °C ± 2 °C and 30% 
to 70%, respectively. Food and filtered (5 μm) tap water were 
provided free choice.

Sentinel mice and direct testing of colony animals were 
used to monitor the health status of our experimental animals. 
At the time of this study, all mice were free from pinworms, 
minute virus of mice, mouse parvovirus, epizootic diarrhea of 
infant mice virus, ectromelia virus, Sendai virus, pneumonia 
virus of mice, mouse poliovirus (Theiler meningoencephalitis 
virus), reovirus 3, mouse hepatitis virus, Mycoplasma pulmonis, 
lymphocytic choriomeningitis virus, murine adenovirus, and 
polyoma virus. Sentinel animals at this facility are not routinely 
screened for Helicobacter spp. or murine norovirus. In study B, 
all sentinel mice and a single colony mouse per box (20%), cho-
sen at random, were examined for fur mites prior to scheduled 
euthanasia. A small amount of hair was plucked from each of 
5 different locations (interscapular, sacral, abdomen, and both 
axillary regions). The hair was placed in mineral oil, and a cover 
slip was applied. Slides were examined by light microscopy for 
the presence of fur mites or eggs. All fur-mite examinations were 
negative. At the time of study A, routine testing for fur mites 
was not performed on colony or sentinel mice.

Diets. AIN76A is a routinely used, certified, low-fat rodent 
diet. The HFWD is derived from AIN76A. However, it has 
several modifications designed to mimic the diet consumed by 
many people in Western society.26,44 The fat (corn oil) content is 
increased from 5 to 20 g%. The carbohydrate content is reduced, 
but the overall energy content (4.76 kcal/g in the HFWD com-
pared with 3.90 kcal/gm in AIN76A) is increased. The HFWD 
has less fat and fewer overall calories than the previously used 
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Results
Presentation and incidence of UD. We conducted 2 separate 

long-term studies: a 15-mo study (study A) using a total of 20 
mice per diet group (n = 10 per sex) and a 19-mo study (study 
B) using 30 mice per diet group (n = 15 per sex). UD initially 
presented as punctate crusting lesions with pruritus indicated 
by increased scratching during scheduled clinical observations. 
Lesions frequently progressed to visible ulceration. In study B, 
where the time course of lesions was closely followed, the aver-
age age of UD onset in was 79 wk. UD increased in frequency 
with increasing time. Alopecia preceding lesion development 
was only seen in 3 mice (3.8% of the total mice that developed 
UD). This clinical picture followed the previous time course 
of lesions seen in our earlier study.19 The clinical progression 
mirrored that in numerous reports of UD in C57BL/6 in the 
association with pruritus and the increased incidence with 
age2,21,24,29,56 but was distinct from reports describing an UD 
in female C57BL/6J mice with extensive alopecia and variable 
pruritus preceding ulceration in young mice.16,28,48

During the course of study A, 20 of the 60 mice reached hu-
mane endpoints and required early euthanasia due to illness, 
including severity of UD, or died prematurely. Of these, 14 mice 
had UD; these mice were included in the analysis. The 6 mice 
that died or were euthanized prematurely due to other causes 
were excluded because the frequency of dermatitis could not 
be monitored in these animals for the full study period. In total, 
18 mice of 54 mice (33.3%) in study A developed clinical UD. 
Of those, 3 of 18 that reached the end of study (16.6%) were 
from the AIN76A group, 10 of 17 (58.8%) were from the HFWD 
group, and 5 of 19 (26.3%) were from the HFWD with MS group 
(Table 1). Female mice were affected more often than were male 
(female, 11; male, 7). Among female mice, UD incidence was 
higher when mice received HFWD than either AIN76A (P = 
0.0055) or HFWD with MS (P = 0.0001; Table 1).

During the course of study B, 29 of the 120 mice reached 
humane endpoints and required early euthanasia due to illness 
or died prematurely. Of these, 16 mice had UD; these mice were 
included in the analysis. The 13 mice that died or were eutha-
nized prematurely due to other causes were excluded because 
the frequency of dermatitis could not be monitored in these 
animals for the full study period. In total, 37 (34.6%) of the 107 
mice developed clinical UD (Table 1). Of the 37 mice that devel-
oped UD, 8 of 29 (27.6%) were from the AIN76A diet group, 4 of 
27 (14.8%) were from the AIN76A diet group with MS, 14 of 23 
(60.9%) were from the HFWD group, and 11 of 28 (39.3%) were 
from the HFWD group with MS. Of the 37 mice that developed 
UD, 9 (6 male and 3 female) had lesions that spontaneously 
resolved. Of the 9 mice whose disease resolved, 4 (44.4%) were 
from the AIN76A diet group, 2 (22.2%) were from the AIN76A 
diet group with MS, 1 (11.1%) was from the HFWD group, and 2 
(22.2%) were from the HFWD group with MS. Statistically, mice 
fed HFWD had increased UD incidence as compared with mice 
on AIN76A (P < 0.02, Kaplan–Meier and Cox regression). Female 
mice had a trend toward higher incidence compared with that 
in male mice, but the difference was not statistically significant. 
More mice on either diet without MS developed UD more often 
than did mice provided MS (22% to 60% compared with 15% to 
40%, respectively), although this difference was not statistically 
significant. However, when mice were compared according to 
sex, the difference in UD incidence between unsupplemented 
female mice (15% to 71%) compared with supplemented (6% 
to 29%) was statistically significant (P = 0.0292).

On the basis of the results of the 2 studies combined, we 
conclude that 1) the incidence of UD is higher in mice fed 

taken from lesional skin and adjacent skin in affected mice and 
from comparable skin areas (interscapular and dorsal neck) 
in unaffected mice.

Histologic evaluation. Skin and spleen tissues were immer-
sion-fixed in 10% neutral buffered formalin and processed for 
staining with hematoxylin and eosin. Skin slides were blinded 
and then reviewed by a board-certified veterinary pathologist 
for confirmation and characterization of UD. Slides were scored 
for the presence or absence of ulceration (that is, through the 
epidermis) and for inflammation with severity criteria as fol-
lows: minimal, focal or few foci with inflammation confined to 
the superficial dermis; moderate, multiple foci with inflamma-
tion extending to the deep dermis; severe, regionally extensive 
foci with inflammation occasionally extending to the subcutis; 
or marked, same as for the severe category, but with inflam-
mation extending to the subcutis throughout a large portion 
of the lesion. In addition, slides were evaluated for epidermal 
thickness, hair follicle changes, and for the presence of mast 
cells. Spleen sections were evaluated (but not quantitated) with 
regard to cellular density and cellular composition.

Flow cytometric analysis—splenocytes. Spleen cell popula-
tions underwent flow cytometry in study B. Approximately 
one third of the spleen was mechanically disrupted between 
frosted glass slides and passed over a 50-µm filter to yield a 
single-cell suspension. Processed splenocytes were counted to 
standardize the number of cells assayed and then stained for 
4-color FACS analysis by using the following reagents from 
eBioscience (San Diego, CA): tube 1, antiCD45–APC-AF780 
(pan-leukocyte marker), antiCD19–PE (B cells), antiCD3e–Per-
CP-Cy5.5 (T cells), and antiCD41–APC (megakaryocytes); tube 
2, antiCD45–APC-AF780 (leukocytes), antiCD11b–PE (activated 
lymphocytes cells and granulocytes), antiGr1–PE-Cy7 (granulo-
cytes and monocytes), and antiCD117 (c-kit)–APC (mast cells); 
tube 3, antiCD45–APC-AF780 and the isotype controls for tube 
1 antibodies; tube 4, the isotype controls for tube 2 antibodies. 
All samples were fixed in a 2% buffered formalin solution and 
analyzed within 24 h of labeling. The samples were evaluated 
on an LSR II (BD Biosciences, San Jose, CA). For analysis of the 
splenocytes, 50,000 events were collected and analyzed by us-
ing the WinList 5.0 program (Verity Software House, Topsharn, 
ME). The percentage of each of the leukocyte populations was 
obtained by gating on the CD45+ population in a plot comparing 
CD45 with side scatter.

Serum cytokine analysis. Serum cytokine analysis was per-
formed for study B. A panel of murine cytokines including 
TNFα, IL6, IL1α, keratinocyte-derived cytokine (KC), mac-
rophage chemotactic protein 1 (MCP1), and regulated upon 
activation, normal T-cell expressed and secreted (RANTES) 
protein was measured in serum samples by using a bead-based 
cytokine assay (BioPlex, BioRad Laboratories, Hercules, CA). 
The C-reactive protein in the same serum samples was assessed 
by using an ELISA kit (Life Diagnostics, West Chester, PA).

Data analysis. Statistical analysis of UD incidence, effect 
of diet on incidence of dermatitis and sex differences were 
performed by using Meier–Kaplan survival curves, Cox re-
gression, and the Fishers exact test (SSPS 19, IBM, Armonk, 
NY). Comparisons of lesion severity, spleen flow-cytometry 
data, and serum cytokine levels were analyzed by using the 
Student t test or ANOVA followed by paired group compari-
son (Student t test; GraphPad Software, La Jolla, CA, USA) or 
both. When comparing data from flow cytometry or cytokine 
assays, corrections for multiple comparisons correction were 
used. A P value of less than or equal to 0.05 was considered 
statistically significant.
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present. Occasional mast cells were present in mice without 
dermatitis and in unaffected areas of skin from animals with 
dermatitis but were markedly increased in the affected areas 
(Figures 1 E and F). The epidermis adjacent to the affected areas 
showed marked hyperplasia and orthokeratotic hyperkeratosis. 
Severely affected mice had dermal fibrosis at the deep and lat-
eral margins of the lesion. The affected areas also demonstrated 
follicular hyperkeratosis; however, this feature was not seen in 
the absence of ulcerative and inflammatory lesions. Follicular 
dystrophy, as described in young female mice of the C57BL/6J 
substrain that showed an alopecic and ulcerative dermatitis, 
was not apparent either adjacent to lesioned skin in affected 
mice or in unaffected skin from affected or unaffected mice.16,48 
There were no abnormal histologic findings in skin from clini-
cally normal animals.

Association between UD and biomarkers of systemic inflam-
mation. We compared the mice in study B that developed UD 
at any time during the study with mice those that did not 
develop UD, in regard to several parameters associated with 
systemic inflammation (Table 2). In brief, mice that developed 
UD weighed significantly less at euthanasia (both sexes: P = 
0.0005; male: P = 0.001; female: not signficant), consistent with 
the high morbidity of this disease. Mice that developed UD had 
heavier spleens (both sexes: P = 0.05; male: P = 0.02; female: 
not significant). Histologically, spleen enlargement reflected 
an increase in extramedullary hematopoiesis, particularly of 
the myeloid (granulocyte–monocyte) lineage, reflective of an 
increased inflammatory demand (Figure 3).

Splenic T lymphocyte, B lymphocyte, and granulocyte num-
bers were compared between mice that developed UD and those 

HFWD than in mice on the control diet and that 2) MS reduces 
the incidence of UD in female but not male mice, even though 
overall incidence is less in male mice.

Clinical severity assessment and histologic findings. In study 
A, lesional skin was examined histologically in 16 mice in the 
AIN76A group (7 female, 9 male), 18 mice in the HFWD group 
(10 female, 8 male), and 18 mice in the MS-supplemented HFWD 
group (10 female, 8 male). Blinded histologic evaluation was 
performed for all skin sections in all 120 mice in Study B. Only 
mice with histologic UD had visible skin lesions at necropsy 
(Figure 1).

In study B, UD severity was assessed semiquantitatively 
by using both a clinical score and a histologic score. Clinical 
and histologic evaluation was performed in all mice. Mice fed 
AIN76A had less severe clinical and histologic UD than did mice 
on HFWD (Figure 2 A and B). The MS did not affect either the 
clinical or histologic severity in mice fed the control AIN76A 
diet (not shown). However, the severity of UD was reduced in 
the mice given HFWD with MS as compared with those fed 
unsupplemented HFWD. This reduction in clinical severity 
did not reach statistical significance, but MS supplementation 
produced a significant decrease in histologic severity, with 
regard to scores describing the size and depth of inflammatory 
foci (2.167 ± 0.305 compared with 2.950 ± 0.223, respectively, P 
= 0.0428; Figure 2 C and D).

Histologic alterations in affected mice in both studies con-
sisted of localized to extensive ulceration with severe superficial 
neutrophilic and serocellular crusting. In addition, severe mac-
rophagic, lymphocytic, and mastocytic inflammation extending 
deep into the dermis and subcutis (Figures 1 B through D) was 

Table 1. Number of mice ([no. of male mice/no. of female mice]) that developed clinically evident UD by diet

AIN76A HFWD Overall

Study A

Clinical UDa

 Without mineral supplement 3 (1/2)b 10 (1/9) 13 (2/11)
 With mineral supplement ND 5 (5/0)c 5 (5/0)d

Study B

Clinical UDa

  Without mineral supplement 4 (0/4)b 13 (5/8) 17 (5/12)

  With mineral supplement 2 (2/0)e 9 (3/6) 11 (5/6)

Resolved UD

  Without mineral supplement 4 (1/3) 1 (1/0) 5 (2/3)

  With mineral supplement 2 (2/0)e 2 (2/0) 4 (4/0)

Clinical and resolved UDa

  Without mineral supplement 8 (1/7) 14 (6/8) 22 (7/15)

  With mineral supplement 4 (4/0)f 11 (5/6) 15 (9/6)d

aSignificant (P < 0.05, 2-tailed Fisher exact test) difference between AIN76A and HFWD groups regardless of sex and supplementation 
status.
bSignificant (P < 0.05, 2-tailed Fisher exact test) difference between nonsupplemented AIN76A and HFWD groups regardless of sex.
cSignificant (P < 0.05, 2-tailed Fisher exact test) difference between supplemented and nonsupplemented female mice fed HFWD.
dSignificant (P < 0.05, 2-tailed Fisher exact test) difference between supplemented and nonsupplemented female mice.
eSignificant (P < 0.05, 2-tailed Fisher exact test) difference between supplemented AIN76A and HFWD groups regardless of sex.
fSignificant (P < 0.05, 2-tailed Fisher exact test) difference between supplemented and nonsupplemented female mice fed AIN76A.
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Figure 1. Representative histologic appearance of UD. (A) Normal skin from an unaffected mouse. Note the thin epidermis and dermis above 
abundant subcutaneous fat. (B) A focus of ulcerative dermatitis in an affected animal, imaged at the same magnification as in A. The arrow de-
notes the junction between intact, markedly hyperplastic and hyperkeratotic epidermis (on the right) and a locally extensive area of ulceration 
(on the left). The ulcerated area is subtended by inflammation extending into the deep dermis and subcutis. (C) Higher magnification image of 
the area of ulceration, showing extensive serocellular crusting with numerous degranulated neutrophils (arrow) accompanying epidermal ne-
crosis. (D) High magnification of the deeper portions of the ulcerated area, showing mixed mononuclear and granulocytic inflammation (arrow) 
in the dermis and extending into the subcutis (asterisk). (E) High magnification of normal skin, showing lack of inflammation in the dermis, with 
presence of occasional mast cells (arrow). (F) High magnification of the dermis in an animal with ulcerative dermatitis showing that the inflam-
matory infiltrate contains numerous mast cells (arrows, and inset). Hematoxylin and eosin stain; bar, 100 μm (A through D); 50 μm (E and F).
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chemoattractant RANTES (both sexes and male: not significant; 
female: P < 0.02), and there was no difference in serum MCP1, 
IL1α, or C-reactive protein (Table 2).

Discussion
C57BL/6 mice and genetically engineered mice on a C57BL/6 

background are prone to developing (UD) as they age, and this 
propensity carries a significant risk for premature removal from 
studies due to morbidity. Although many publications have 
described various environmental and genetic influences in the 
development of UD, to date no specific pathogenesis or etiology 

that did not. The percentage of B cells was lower (both sexes: P 
< 0.0001; male: P = 0.001; female: P < 0.0001) and the percentage 
of granulocytes was higher (both sexes: P < 0.0001; male: P = 
0.001; female: P < 0.0001) in spleens of mice that developed UD 
as compared with mice that did not develop UD. Female mice 
that developed UD (but not male mice) showed a slight decrease 
(P < 0.04) in spleen T cell percentage (Table 2).

Analysis of circulating cytokines showed that mice that devel-
oped UD had significantly increased (P < 0.05) levels of the acute 
inflammatory cytokines IL6, TNFα, and KC. In contrast, mice 
that developed UD had slightly lower levels of the leukocyte 

Figure 2. Study B. (A) Clinical and (B) histologic severity of UD lesions in mice on the AIN76A diet and HFWD, regardless of supplementation 
with mineralized red algae (MS). (C) Clinical and (D) histologic severity of UD lesions in the HFWD groups without and with MS. UD lesions 
were scored (scale, 0 to 100) according to scratching, character of lesion, length of lesions, and body regions affected. The histologic severity of 
dermatitis lesions was scored as 1, minimal; 2, moderate; 3, or 4, marked. Values represent mean ± SEM. *, P < 0.05 (Student t test).
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Table 2. General parameters and proinflammatory markers

Male and female mice Male mice Female mice

With UD Without UD With UD Without UD With UD Without UD

Body weight (g) 37.3 ± 1.1a (36) 43.8 ± 1.1 (73) 39.8 ± 2.1a (16) 47.3 ± 1.1 (38) 35.3 ± 0.9 (20) 39.9 ± 1.9 (35)
Spleen weight (g) 0.29 ± 0.03a (37) 0.18 ± 0.03 (79) 0.20 ± 0.04a (16) 0.11 ± 0.02 (40) 0.36 ± 0.04 (21) 0.26 ± 0.07 (39)
Kidney weight (g) 0.48 ± 0.01a (37) 0.44 ± 0.01 (78) 0.52 ± 0.02 (16) 0.49 ± 0.01 (40) 0.46 ± 0.01a (21) 0.38 ± 0.01 (38)

Spleen flow cytometry (%)b

B cells 37.4 ± 3.9a (26) 55.7 ± 1.2 (71) 48.6 ± 6.0a (12) 61.2 ± 0.8 (38) 27.8 ± 3.4a (14) 49.1 ± 1.8 (33)
T cells 22.5 ± 1.3 (26) 24.5 ± 0.6 (71) 22.8 ± 0.5 (38) 22.9 ± 1.6 (12) 22.2 ± 2.0a (14) 26.5 ± 1.1 (33)
Granulocytes 24.7 ± 3.7a (26) 7.1 ± 0.4 (71) 18.7 ± 5.7a (12) 7.3 ± 0.6 (38) 29.9 ± 4.7a (14) 6.8 ± 0.6 (33)

CRP (ng/mL) 301 ± 94 (19) 206 ± 23 (60) 335 ± 70 (6) 235 ± 39 (24) 288 ± 128 (13) 168 ± 15 (36)

Plasma cytokine analysis
IL6 (pg/mL) 26.5 ± 6.3a (34) 2.5 ± 0.6 (70) 19.1 ± 5.2a (15) 2.2 ± 0.5 (37) 32.3 ± 10.5a (19) 2.8 ± 1.1 (33)

IL1α (pg/mL) 0.04 ± 0 (34) 0.19 ± 0.05 (70) 0.04 ± 0 (15) 0.11 ± 0.03 (37) 0.04 ± 0 (19) 0.28 ± 0.11 (33)

TNFα (pg/mL) 2.5 ± 0.9a (35) 1.0 ± 0.3 (70) 1.6 ± 0.9 (15) 0.8 ± 0.3 (37) 3.1 ± 1.4 (19) 1.4 ± 0.4 (33)
RANTES (pg/mL) 11.4 ± 1.4 (34) 13.9 ± 0.7 (71) 13.5 ± 2.6 (15) 14.3 ± 1.0 (37) 9.7 ± 1.4a (19) 13.6 ± 0.9 (34)
MCP1 (pg/mL) 101 ± 21 (34) 124 ± 10 (70) 154 ± 44 (15) 154 ± 14 (37) 75 ± 21 (19) 90 ± 10 (33)
KC (pg/mL) 42.9 ± 4.2a (34) 27.2 ± 1.8 (70) 37.8 ± 4.8 (15) 29.1 ± 2.9 (37) 46.8 ± 6.5a (19) 25.0 ± 2.0 (33)

CRP, C-reactive protein.
Values are given as mean ± SEM (no. of animals analyzed).
aP ≤ 0.05 (Student t test).
bThe percentage of each of the leukocyte populations was obtained by gating on the CD45+ population in a CD45 compared with side-scatter plot.

Figure 3. Representative histologic appearance of spleens from mice (A) without and (B) with UD. (A) Histologic appearance of a normal spleen 
in a mouse without dermatitis. (B and C) Histologic appearance of enlarged spleen in a mouse with ulcerative dermatitis. The architecture of the 
normal spleen is altered, in that (B) there are no well-defined lymphoid areas, and (C) the red pulp sinuses are markedly expanded by extramed-
ullary hematopoietic elements. Hematoxylin and eosin stain; bar, 100 µm (A and B), 50 µm (C).

has been described.2,21,46,47,56 Previous studies have shown that 
calorie-restriction diets significantly reduce the incidence and 
severity of UD,12,37,52 and further reducing dietary fat content 
below standard levels might be protective.28 Diets reduced in 
fat and calories protect against other forms of inflammatory 
skin disease as well: for example, our own previous studies 
demonstrated that caloric restriction mitigates the dermal ir-
ritation and inflammation resulting from topical retinoid use.53

In contrast to fat- and calorie-reduced diets, obesity-inducing 
diets increase the incidence of UD.29 The HFWD used in our 
study is similar to previous obesity-inducing diets in that the 
fat content is increased compared with that in normal mouse 
chow (AIN76A). However, the fat content is lower compared 
with that in obesity diets (20 g% as compared with 35 to 50 g% 
in obesity-inducing diets). In addition, the current HFWD has 
a modestly reduced carbohydrate content so that the overall 
calorie level (although increased relative to that in AIN76A) 
does not approach the levels in obesity diets. This HFWD does 
not induce diabetes.31 Nevertheless, HFWD similarly increased 

the incidence and severity of UD lesions, as previously reported 
with obesity-inducing diets.29 In study A, mice fed AIN76A 
had a UD incidence of 16.6% as compared with 58.8% for mice 
fed HFWD. In study B, the incidence of UD in mice fed the 
AIN76A diet was 27.6%, with 50% spontaneous lesion resolu-
tion, comparable to previous reports,2,12,13,21 whereas mice fed 
HFWD had an incidence of 60.9%, with only 12% spontaneous 
lesion resolution. Therefore our data confirm that increased 
fat and calories intake are risk factors for UD but suggest that 
increased UD does not require the severe diet manipulation 
seen in obesity-producing diets.

In the present study, we examined the effects of supple-
mentation with calcium and multiple trace elements on UD 
development in both diets. The overall UD incidence and 
severity was decreased in response to the mineralized red-
algae supplement (MS), but the reduction was only seen in 
female mice; male mice derived no protection from MS. These 
finding prompt 2 questions: first, how does the MS contribute 
to protection against UD development, and second, what ac-
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in conventional housing conditions.35,51,54 Both UD and atopic 
dermatitis or eczema are characterized by intense pruritus 
that coincides with or precedes the development of clinically 
observable lesions. In addition, both conditions involve a robust 
inflammatory response notably involving mast cells. However, 
true atopic dermatitis or eczema is an allergic condition associ-
ated with a specific IgE response. Reportedly, C57BL/6 mice 
are low IgE responders in models of induced skin irritation.10 
A subset of humans with the clinical appearance of atopic 
dermatitis or eczema but that lack a specific IgE response has 
been classified as having ‘intrinsic’ or ‘nonallergic’ dermatitis 
(also termed ‘atopiform dermatitis’). Intrinsic or nonallergic 
dermatitis or eczema lacks specific IgE triggering and may be 
the result of contact sensitization to an external antigen that acts 
as a hapten.50 Many of the cytokines increased in study B (that 
is, IL6 and KC) also are involved in the increased susceptibility 
of C57BL/6 mice to the irritant dermatitis induced by phthalic 
anhydride.10 Clinically, nonallergic or intrinsic dermatitis has 
a later age of onset and is more common in female subjects,11 
both of which are features of UD in mice. Further evaluation 
of UD in C57BL/6NCrl mice in comparison to the clinical and 
molecular features of intrinsic (nonallergic) dermatitis may be 
helpful in defining pathogenesis.

In conclusion, the studies described here show that a typical 
western-style diet may potentiate the development of UD and 
that mineral supplementation may ameliorate the incidence 
and severity of this disease. Multiple factors in the western-
style diet, including high-fat content and an inadequate 
mineral supply, may contribute to the underlying mechanism, 
and the elucidation of the potential protective effect of specific 
minerals in the face of an irritant challenge may be a useful 
future focus.
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