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Abstract

Nutrition influences skin structure; however, a systematic investigation into how energy and

macronutrients (protein, carbohydrate and fat) affects the skin has yet to be conducted. We

evaluated the associations between macronutrients, energy intake and skin structure in

mice fed 25 experimental diets and a control diet for 15 months using the Geometric Frame-

work, a novel method of nutritional analysis. Skin structure was associated with the ratio of

dietary macronutrients eaten, not energy intake, and the nature of the effect differed

between the sexes. In males, skin structure was primarily associated with protein intake,

whereas in females carbohydrate intake was the primary correlate. In both sexes, the der-

mis and subcutaneous fat thicknesses were inversely proportional. Subcutaneous fat thick-

ness varied positively with fat intake, due to enlarged adipocytes rather than increased

adipocyte number. We therefore demonstrated clear interactions between skin structure

and macronutrient intakes, with the associations being sex-specific and dependent on die-

tary macronutrient balance.

Introduction

The skin, the largest organ in the body [1], has many crucial functions. It acts as a barrier to

microorganisms, toxins, ultraviolet radiation; it prevents water and electrolyte loss and is an

active organ of excretion, metabolism, sensation, temperature regulation and immunology [2].

Nutrition is historically one of the most important factors associated with skin diseases and

wound healing [3, 4]. It is estimated that 20–50% of patients admitted acutely into a hospital

setting have a degree of malnutrition [5] with profound effects on skin structure, function and

wound healing [6–9].
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Three distinct regions characterize the skin: the epidermis, dermis and subcutaneous fat

[10]. The outermost layer of the skin, the epidermis, is mainly populated by keratinocytes and

critical for barrier function. The underlying dermis, making up the bulk of the skin, consists

primarily of collagen fibres synthesized by dermal fibroblasts, providing tensile strength and

mechanical resistance to the skin. Finally, the subcutaneous fat, the deepest layer of the skin, is

composed of adipocytes. This tissue has a diversity of functions including not only insulation,

thermoregulation and energy storage but also immunological, inflammatory and endocrine

qualities [11–13]. Evidence from mouse models [14, 15] and humans [6, 12] demonstrate that

all three layers may be affected by variations in the intake of macronutrients.

Malnutrition alters skin structure and can manifest physically with depigmentation,

reduced number and atrophy of hair follicles, thinning [16] and importantly, delayed and

complicated wound healing [7, 9, 17]. Over-nutrition (i.e. obesity) is also associated with a

number of dermatological diseases including psoriasis, dermatitis and skin infections [18, 19].

However, despite the widespread global increase in obesity [20], little is known about the rela-

tionship between nutrition, adiposity and skin.

Mice are commonly used as a biological model to investigate skin pathology, due to the dif-

ficulties of conducting detailed experimental work in humans. Previous mouse studies investi-

gating nutrition and skin structure have focused mainly on individual macronutrients,

particularly high-fat diets [21, 22], or the effect of malnutrition [14, 15]. High fat diets are asso-

ciated with thinning of the dermis and a reduction in dermal fibroblast proliferation, elasticity

[21] and density of type 1 tropocollagen and hyaluronan in the skin [22]. Studies of malnutri-

tion show that both energy deficiency and protein-energy deficiency cause a wasting of the

dermis with reductions in collagen density and organization [14, 15].

A large limitation of previous studies has been the manipulation of single nutritional com-

ponents (i.e. fats or protein) in an attempt to understand an overall response in skin structure.

This has in part, been due to a lack of a nutritional framework capable of modeling and analyz-

ing the interactive effects of macronutrients and energy simultaneously. An approach which

encompasses the interactive, rather than singular effects of macronutrients, provides a unique

insight, and has recently improved our understanding of longevity, reproduction and immu-

nity [23–25]. Here, we use the Geometric Framework for nutrition (GF) to investigate how

energy and the dietary balance of protein, carbohydrate and fat affect skin structure in male

and female mice. The GF maps nutrition in an n-dimensional space, within which the n com-

ponents of a diet are represented by separate axes. Phenotypic responses of individuals such as

body composition or skin thickness can be mapped as response surfaces onto experimentally

derived nutrient intake arrays within this nutrient space. These methods are documented in

detail in (Simpson and Le Couteur 2015) [26] and (Simpson and Raubenheimer 2012) [27]

and have recently been employed in mice [23–25]. We use the GF to present the first system-

atic investigation into the individual and interactive effects of total energy, protein, carbohy-

drate and fat intake on skin structure. This relationship is essential if we are to optimise

nutritional interventions to treat dermatological diseases, improve skin quality in the elderly

and accelerate wound healing.

Results

We first set out to characterise the basal state of the skin in response to nutrition, using the GF.

A three-dimensional nutrient space (protein, carbohydrate and fat intake) was used to model

response surfaces generated by general additive statistical models (GAMs) as described in

detail previously in Solon-Biet, McMahon [25] To assist in interpretation, response surfaces

are shown as 2D heat maps that cut through the median of the third nutrient axis. Red areas
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indicate highest values for that response variable, and fall as the colours shift to blue. Isolines

in response surfaces indicate areas of equality for the response variable. For example, in sur-

faces showing dermis thickness, the number shown on each isoline indicates the exact value of

the measured variable. If isolines are vertical, the response variable is strongly influenced by

the macronutrient of the x axis; likewise if isolines are horizontal, the response variable is

strongly influenced by the macronutrient of the y axis. If isolines are at 45 degrees then this

indicates that the response variable is largely affected by energy intake (i.e. the sum of energy

of the x and y axes). In some response surfaces, we have superimposed nutritional rails that

radiate from the origin. These nutritional rails indicate a composition of dietary protein:carbo-

hydrate:fat in which an animal can move along by changing food intake, but cannot alter the

ratio of macronutrients ingested. The superimposed nutritional rails represent a specific mac-

ronutrient ratio and highlight the relationship between dietary intake and various indicators of

skin structure.

The relationship between dietary macronutrients and skin structure

Chow-fed animals showed sex-specific changes in skin structure with males having a signifi-

cantly thicker dermis (~356 μm) compared to female mice (~168 μm) (P = 0.009, Fig 1B and

1E respectively). The thickness of the subcutaneous fat layer in female mice (~177 μm) and the

average area of adipocytes (~767 μm2) were also found to be larger than in male mice with sub-

cutaneous fat (~120 μm) and average adipocyte size (~544 μm2) although this difference was

not significant (P = 0.124 and P = 0.069 respectively).

Fig 1. The association between protein intake and male and female skin structure. H&E staining for male mouse skin layers (a-c) and female mouse

skin layers (d-f), x20 magnification, scale bar = 200 μm, ‘d’ indicates area of dermis and ‘s’ indicates area of subcutaneous fat. High protein intake significantly

increases male dermis thickness and thins the subcutaneous fat. In females, no effect of protein intake on skin structure was identified. Dietary composition

of standard chow is protein (21%), carbohydrate (63%) and fat (16%). Mean skin thickness (a) d = 391 μm, s = 54 μm, (b) d = 275 μm s = 90 μm, (c)

d = 228 μm, s = 171 μm, (d) d = 203 μm, s = 148 μm, (e) d = 127 μm, s = 233 μm, (f) d = 194 μm, s = 173 μm.

doi:10.1371/journal.pone.0166175.g001
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To determine the effect of diet on skin structure, we analyzed the thickness of the epider-

mis, dermis and subcutaneous fat in mice fed experimental diets. We found that macronutri-

ent intake influenced skin structure and that these effects were sex-specific. In males, elevated

protein intake was associated with increased epidermis and dermis thickness (P = 0.006 and

P<0.001, respectively; Fig 1A–1C; S2 Table). In contrast, the dermis of females were most

notably associated with carbohydrate intake (P = 0.044) (Fig 1D–1F; S3 Table). Subcutaneous

fat in both sexes were most strongly associated with carbohydrate and fat intake (S2 and S3

Tables) and showed an inverse relationship between subcutaneous fat and dermis thickness

(Fig 2A and 2B). Subcutaneous fat deposition was also strongly associated with whole body

adiposity (Fig 2C and 2D).

To determine the contributions of macronutrients and energy to the various skin compo-

nents, response surfaces were plotted. The effect of macronutrients on the epidermis, dermis

and subcutaneous fat layer varied largely between sex (Figs 3 and 4) and were not associated

with energy intake but rather specific macronutrients.

In males, epidermis thickness was maximal under high intakes of both protein and carbo-

hydrate (red regions in Fig 3A–3C). Dermis thickness, by contrast, was associated only with

protein intake (Fig 3D and 3E). Dermis thickness was thinnest when protein intake was

Fig 2. Dermis thickness (μm) and subcutaneous fat thickness (μm) are inversely proportional and correlate with body fat%.

Dermis thickness increases with a thinner subcutaneous fat in both (a) males (R2 = -0.448; P<0.001) then (b) females (R2 = -0.362;

P<0.001). Subcutaneous fat increases with increasing body fat % in (c) male and (d) female mice (R2 = 0.549; P<0.001 and R2 = 0.626;

P<0.001, respectively).

doi:10.1371/journal.pone.0166175.g002
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reduced to 5 kJ/d (indicated by a blue colour shift on the surfaces) and maximised when mice

consumed a diet with a protein to carbohydrate ratio (P:C) of 2:1. Subcutaneous fat was not

associated with protein intake; instead, increased intake of both fat and carbohydrate corre-

sponded with the greatest subcutaneous fat thickness (Fig 3G–3I).

Fig 3. Macronutrients and male skin structure. Response surfaces showing the association between

macronutrient intake (protein, carbohydrate and fat in kJ/d) and male skin structure. (a-c) epidermis thickness (μm)

increases with high protein or carbohydrate intake, (d-f) dermis thickness (μm) increases with high protein intake, (g-i)

subcutaneous fat thickness (μm) increases with high carbohydrate or high fat intake. For each 2D slice, the third factor is at

its median. Response surfaces are similar to heat maps, red indicates maximum values, blue indicates minimum values.

The black lines are isolines, like contour lines on a topographical map, and indicate areas of equality for the response

variable e.g. in (a) isolines join areas of equal epidermis thickness. The red lines are nutritional rails and indicate the ratio of

macronutrients that maximizes each response. (See also S2 Table).

doi:10.1371/journal.pone.0166175.g003
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Skin structure in females showed largely opposing responses to those seen in males, with epi-

dermis thickness displaying little variation when compared to males (Fig 4A–4C; S3 Table).

Dermis thickness was driven not by protein intake as in males, but solely by carbohydrate intake

(P = 0.044; Fig 4D). Maximal dermis thickness occurred when mice consumed a diet with a P:C

ratio of 2:1. Subcutaneous fat thickness was greater in females than males across the macronu-

trient spectrum and similarly dependent on both carbohydrate and fat intake (Fig 4G–4I).

Fig 4. Macronutrients and female skin structure. Response surfaces showing the association between

macronutrient intakes (protein, carbohydrate and fat in kJ/d) and female skin structure. (a-c) epidermis thickness

(μm) shows no variation with macronutrient intake. (d-f) dermis thickness (μm) increases with low carbohydrate intake. (g-

i) subcutaneous fat thickness (μm) increases with high carbohydrate or high fat intake. For each 2D slice, the third factor is

at its median. Red indicates maximum values, blue indicates minimum values. The red lines indicate the ratio of

macronutrients that maximized each response (See also S3 Table).

doi:10.1371/journal.pone.0166175.g004

Macronutrients and Skin Structure

PLOS ONE | DOI:10.1371/journal.pone.0166175 November 10, 2016 6 / 15



Dietary macronutrients influence size and number of adipocytes in

subcutaneous fat

Given the inverse relationship between dermis thickness and subcutaneous fat, we then mea-

sured the size and number of adipocytes in the subcutaneous fat to correlate adipocytes charac-

teristics with the observed changes in dermis structure. Hematoxylin and eosin (H&E) analysis

showed that in both male (Fig 5A and 5B) and female mice (Fig 5C and 5D), dietary macronu-

trients influenced subcutaneous adipocyte size and number.

In both male and female mice, adipocyte size was influenced primarily by fat intake, as indi-

cated by the horizontal inclination of the isolines. Here, adipocytes became engorged as fat intake

increased (Fig 6C and 6I; S4 Table). In females, high carbohydrate intake was also associated

with increased adipocyte size (Fig 6G and 6I). Adipocyte size in females showed a similar pattern

with smaller adipocytes occurring on low fat, medium protein intakes. In both sexes, smallest

adipocytes were found when mice consumed a protein to fat ratio (P:F) of 2:1 (Fig 6B and 6H).

Although subcutaneous fat thickness was greater in females than males, the maximum adipocyte

size was noticeably smaller in females when consuming diets high in fat (Fig 6H and 6B).

When male adipocytes were maximally enlarged, the dermis was at its thinnest and the sub-

cutaneous fat at its thickest (S1 Fig) linking adipocyte enlargement, but not adipocyte number,

to the thickening of subcutaneous fat and thinning of the dermis. Similar effects occur in

Fig 5. Subcutaneous adipocytes. Representative H&E sections of mouse subcutaneous adipocytes at 40x

magnification showing (a) small male adipocytes become greatly engorged with a high fat intake (b). Small female

adipocyte (c) become engorged (d) but to a lesser extent than male adipocytes with a high fat diet. scale

bar = 100 μm (See also S4 Table).

doi:10.1371/journal.pone.0166175.g005
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females, with larger adipocytes, but not overall increased adipocyte number, associated with a

thinner dermis and thicker subcutaneous fat layer (S1 Fig).

Surprisingly, increased fat intake has no effect on adipocyte numbers in males (Fig 6D–6F)

and females (Fig 6J and 6I). Adipocyte numbers were increased under a high protein intake in

both males and females, with females having a greater number of adipocytes at all equal mac-

ronutrient values, perhaps accounting for a similarly increased thickness of the subcutaneous

fat.

Discussion

Here, we show that the structural changes of the skin are macronutrient dependent and sex

specific. Our results demonstrate the applicability of using the GF in the analysis of skin vari-

ables and show that skin structure is associated primarily with macronutrient intake, not total

energy consumed.

Previous studies have involved a more restricted number of dietary treatments than in the

present study, varying either in calories or in a single macronutrient [14, 15, 22, 28, 29]. Fur-

thermore, a comparison of the effect of variations in macronutrient intake on skin structure

between sexes has not been attempted previously. In this study, we have used the GF to investi-

gate the interactive effects of macronutrient balance and energy intake on skin structure in

male and female mice, and show that skin structure changed markedly with variations in die-

tary macronutrient intake.

Skin structure and function in humans and mice are similar [30] and are known to differ

with sex [31–34]. Such a sex difference was apparent in the present study even in mice fed stan-

dard laboratory chow, with male mice having a thicker dermis and females a thicker subcuta-

neous fat layer with larger adipocytes (see also (30)). We have also shown that male and female

skin responds uniquely to macronutrient intake, such that protein intake largely explained

skin structural changes in males, whereas carbohydrate intake was significantly associated

with skin structure in females.

Sex steroids may underlie the differing responses of male and female skin to variations in

dietary intake. We have previously shown that macronutrient balance has substantial effects

on steroid production [24]. Using bioassays for estrogenic activity in females and androgenic

activity in males, we demonstrated that high protein, high carbohydrate intakes increased ste-

roid-dependent reproductive parameters such as uterine mass in females and seminal vesicle

and testes mass in males. In the hair follicle, androgens are aromatized to oestrogen and acting

through the oestrogen alpha-receptor increases the proliferative rate of keratinocytes in the

basal cell layer of the epidermis [35]. Oestrogens also unfold their actions via regulation of

IGF-1 signalling, encouraging fibroblast proliferation [36], enhancing the synthesis of collagen

and hyaluronic acid and reducing collagen degradation [37, 38]. Results observed in this pres-

ent study are consistent with previous findings in that a high protein intake in males increased

dermis and epidermis thickness indicating that these mice had higher levels of androgens. In

female mice, high carbohydrate intake resulted in a thinner dermis and increased subcutane-

ous fat. Although this data is consistent with the findings of Azzi in which dermis thickness

increased with oophorectomy [33], it is not consistent with literature showing that

Fig 6. Macronutrient intake influences subcutaneous fat. Response surfaces showing the association of

macronutrient intake (protein, carbohydrate and fat in kJ/d) on subcutaneous adipocyte size (μm2) and adipocyte

numbers (cells/105μm2). (a-c) male adipocytes become grossly enlarged with high fat intake whist adipocytes proliferate

with high protein intake (d-f; cells/105μm2). (g-i) female adipocytes enlarge to a lesser extent than male adipocytes with

high carbohydrate or fat intake and proliferate with increasing protein intake (j-i). For each 2D slice, the third factor is at

its median. The red line indicates the ratio of macronutrients that minimizes each response. (see also S4 Table)

doi:10.1371/journal.pone.0166175.g006
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hypoestrogenism is associated with deterioration of skin condition including thinning of the

dermis [37]. Subsequently, alternate mechanisms regulating skin structure must also be

affected by nutrient intake.

In addition to systemic hormonal influences, local cytokines released specifically from

engorged adipocytes are known to alter skin structure [39]. Adipose tissue can grow through

two different mechanisms: adipogenesis or hypertrophy [13]. In this study we show that mac-

ronutrient intake may influence which pathway subcutaneous adipose tissue growth occurs

and can suggest the impact this has on skin biology. Our results illustrate that a high protein

intake encourages adipogenesis and a high fat intake results in adipocyte hypertrophy. In

females, a high carbohydrate intake also encouraged adipocyte hypertrophy. The effect this has

on skin biology is demonstrated by the correlation between dermis thickness and adipocyte

size. As adipocyte size increases dermis thickness decreases. In vitro experiments by Ezure et al
revealed that enlarged adipocytes release free fatty acids, notably palmitic acid which activates

Toll-like receptors and alters dermal fibroblast activity [39]. Subsequently, in obese mice with

increased subcutaneous tissue there is a reduction in fibroblast proliferation [21]; levels of type

1 tropocollagen and suppression of genes for collagen enzymes and an increase in gene expres-

sion for matrix metalloproteinases [22]. Taken together, these processes thin the dermis. In

female mice, oestrogen levels increase with high carbohydrate intake; however, adipocytes also

enlarge negating the positive oestrogenic effects on the dermis and culminating in a dermis,

which is mildly thinned. In contrast, in males, both systemic steroid and local adipocyte prolif-

eration increased with a high protein intake resulting in a notable increase in dermis

thickness.

Interestingly, the loss of dermis thickness is a hallmark of intrinsically aging skin [40] and is

associated with a functional decline in wound healing, immune response, mechanical strength

and elasticity [41]. Azzi et al reported in their study that the dermis thickness of young

C57BL6 mice was ~ 500 μm for males and ~171 μm for females [33]. Aged control mice in this

study had a dermis thickness of ~ 356 μm for males and ~ 168 μm for females showing that the

dermis thins with age. In this study, the dermis was thinnest in obese male and female mice

with a thickened subcutaneous fat. Wasting of the dermis was minimized in mice consuming a

high protein diet where 50% of energy intake was derived from protein and the other 50%

from an equal amount of carbohydrate and fat i.e. a ratio of 2:1:1 (P:C:F). This diet was associ-

ated with the least dermal attrition, less subcutaneous fat and smaller adipocytes. Further

research investigating the clinical utility in the prevention of skin aging or skin rejuvenation is

warranted especially considering the increasing prevalence of obesity [20] and ageing of the

population [42].

We have shown that macronutrient intake, not total calories, has significant effects on skin

structure in both male and female mice using the GF. The response of skin structure to macro-

nutrient intake is sex-specific with protein intake more important in males and carbohydrate

intake most significant in females. We present a comprehensive study investigating the inter-

active effects of energy and macronutrients on skin structure across a wide nutritional spec-

trum. Upon this foundation, future research exploring various possible endocrine, cellular and

molecular mechanisms is required. The advantage of the GF is demonstrated here and will be

further utilized for future studies in cutaneous and burn wound healing.

Materials & Methods

Experimental diets were systematically designed for optimal power in fitting surface response

models. Mice were fed one of 25 different diets ad libitum, varying in protein (5%-60%, casein

and methionine), carbohydrate (16%-75%, sucrose, wheatstarch and dextrinized cornstarch),

Macronutrients and Skin Structure
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fat (16%-75%, soya bean oil) content and energy density (S1 Table). Energy density was

manipulated by adding indigestible cellulose to yield three different energy regimes (8, 13 and

17 kJ g-1).

Animal model

Mice used in this study were part of a larger cohort of animals that were allowed to age and

live on until the end of their natural life to determine lifespan (Solon-Biet et al 2014). 858 male

and female C57BL6 mice were obtained from the Animal Resources Centre, WA Australia and

housed three per cage in standard approved cages with free access to water, in the Molecular

Physiology Unit of the ANZAC Research Institute. The environment was closely controlled at

24–26˚C and 44–46% humidity under a 12:12 hr light dark cycle with lights on at 6am. All pro-

tocols were approved by the Sydney Local Health District Welfare Committee (Protocol No.

2009/003) and all methods were carried out in accordance with these protocols. Food intake

and body weight were measured bi-weekly until 6 months of age and monthly until 15 months

of age. To collect food waste for quantification, a custom designed 2-chambre Perspex insert

was installed beneath the food hopper of each cage [43]. Over their lifetime mice were ad libi-
tum-fed one of 25 diets, checked daily with animals losing more than 20% of their body weight

euthanized and the corresponding diet discontinued. These animals and their corresponding

diets were not used in further analysis. At 15 months of age, a randomized subset of 178 mice

(95 female, 83 male) were anaesthetized using a 1:1 ratio of ketamine and xylazine and eutha-

nized. Animals that failed to thrive were excluded from experiments and analyses. Various tis-

sues including skin samples were collected for histology and analysis using the Geometric

Framework. This method of analysis generates statistical power across all dietary groups by

plotting individual animals as a single data point on a response surface (Simpson and Rauben-

heimer 2012).

Histology

At 15 months of age, mice were anaesthetized and culled. A 1cm2 skin biopsy was obtained

from the dorsum of each mouse. A commonly used method for processing skin biopsies was

employed with samples being fixed in 10% formalin, embedded in paraffin and 5μm sections

were stained with hematoxylin and eosin (H&E) [21]. Alignment was carefully adjusted via the

angle of sections and appearance of the hair follicles in the dermis, re-embedding and re-sec-

tioning of samples was conducted if it was needed. Sections in which the bulbs of the hair folli-

cles were located below the dermis were excluded from the analysis, controlling for possible

effect on thickness of variations in hair cycle staging [44]. Epidermal, dermal and subcutane-

ous fat thickness was measured using the CAST (Computer Assisted Stereological Toolbox)

program V1.10. The meander function was employed to randomize skin cross-sectional areas

for measurement. CASTGRID was used to create a random point grid over the skin cross-sec-

tion and thickness measured at the points overlying the dermis, epidermis or subcutaneous fat

perpendicular to the bordering layers. For each layer separately, at least six measurements

were obtained for each individual sample [45].

Subcutaneous adipocyte size and number was quantified using EVOS Digital Inverted Fluo-

rescence Microscope (Fisher Scientific). For each section, adipocyte numbers were calculated

in 10 randomized fields of view (100x100 μm) at 40x magnification. Fields of view were aligned

to start from adipocytes directly under the dermis. The numbers of adipocytes in each field of

view were counted. In the event that adipocyte cell membranes were not entirely contained in

the field of view, adipocytes whose cell membrane crossed either the deepest boarder from the

dermis or the right boarder in the field of view were excluded. The average adipocyte size

Macronutrients and Skin Structure
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present in each image was calculated based on the area of the field of view divided by the num-

ber of counted cells, and from these figures, the adipocyte surface area per fat sample was cal-

culated based on the average of all 10 images per skin sample.

Statistical modeling and analysis

First, generalized additive models (GAM) were constructed for epidermis, dermis, subcutane-

ous fat thickness, adipocyte number and size to check for evidence of different response sur-

faces for males and females. A full three-way thin-plate spline interaction was fitted with and

without sex included, and the two models were compared with a likelihood ratio test. Results

indicated substantial differences between males and females in most variables measured (S5

Table). Accordingly, data from males and female have been analysed separately. Response sur-

faces were generated using non-parametric thin plate splines in R (v3.0.1) and analyzed using

General Additive Modeling (S2–S4 Tables) Pearson’s correlations were calculated with SPSS

version 21.

Supporting Information

S1 Fig. Related to Fig 6. The relationship between skin structure and subcutaneous adipocyte

size and number. In male mice adipocyte size is negatively correlated with dermis thickness (a;

P = 0.011) and positively correlated with subcutaneous fat thickness (c; P<0.001). In females,

adipocyte size is also greatest when the dermis is the thinnest (e; P = 0.001) and when the sub-

cutaneous fat is the thickest (g; P<0.001). Adipocyte number in females increased with dermis
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