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Abstract

Purpose Studies in humans suggest that consumption of
low-carbohydrate, high-fat diets (LC—HF) could be det-
rimental for growth and bone health. In young male rats,
LC-HF diets negatively affect bone health by impairing
the growth hormone/insulin-like growth factor axis (GH/
IGF axis), while the effects in female rats remain unknown.
Therefore, we investigated whether sex-specific effects of
LC-HEF diets on bone health exist.

Methods Twelve-week-old male and female Wistar
rats were isoenergetically pair-fed either a control diet
(CD), “Atkins-style” protein-matched diet (LC-HF-1),
or ketogenic low-protein diet (LC-HF-2) for 4 weeks. In
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females, microcomputed tomography and histomorphom-
etry analyses were performed on the distal femur. Sex hor-
mones were analysed with liquid chromatography—tandem
mass spectrometry, and endocrine parameters including
GH and IGF-I were measured by immunoassay.

Results Trabecular bone volume, serum IGF-I and the
bone formation marker PINP were lower in male rats fed
both LC-HF diets versus CD. LC-HF diets did not impair
bone health in female rats, with no change in trabecular or
cortical bone volume nor in serum markers of bone turno-
ver between CD versus both LC-HF diet groups. Pituitary
GH secretion was lower in female rats fed LC-HF diet,
with no difference in circulating IGF-I. Circulating sex
hormone concentrations remained unchanged in male and
female rats fed LC-HF diets.

Conclusion A 4-week consumption of LC-HF diets has
sex-specific effects on bone health—with no effects in
adult female rats yet negative effects in adult male rats.
This response seems to be driven by a sex-specific effect of
LC-HF diets on the GH/IGF system.

Keywords Nutrition - Sex hormones - Bone mineral
density - Growth hormone - Insulin-like growth factor-I -
Ketogenic diet

Introduction

Low-carbohydrate, high-fat (LC-HF) diets are commonly
promoted for weight loss around the globe, particularly
“Atkins-style” diets which encourage the consumption of
fat and protein and limit carbohydrate intake [1]. Further
restriction of protein content of LC-HF diets results in a
ketogenic diet, which is an established treatment option for
epilepsy in children [2]. Despite the established weight loss
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effect of moderate “Atkins-style” LC—HF diets in several
human and animal studies [3—5], we and others have previ-
ously reported a number of unfavourable metabolic effects
including an increase in adiposity and glucose intolerance
[6-8]. In male rats, we have shown that the consumption
of LC-HF diets—independent of caloric intake—leads to
significantly higher visceral and subcutaneous fat mass
together with higher serum leptin concentrations and a con-
current loss of lean body mass [9, 10]. While this unfavour-
able effect of LC-HF diets has been very consistent in male
rats, little is known about the effects of LC-HF diets on
body composition in female rats and whether or not hormo-
nal circuits are modified by these changes.

With respect to bone health, lifestyle factors such as
nutrition and physical activity together with genetic pre-
disposition act synergistically with hormones to regulate
bone homoeostasis. Dietary micronutrients, in particu-
lar calcium, phosphate and magnesium, are established to
play a key role in the regulation of bone homoeostasis [11].
In contrast, the role of macronutrients in bone health and
especially how diets with an altered relative abundance of
fat, protein and carbohydrates affect bone metabolism are
not yet fully understood. Adding to the complexity of the
matter, it is not well understood whether the skeletal system
of males and females reacts similar to diets with an altered
relative abundance of macronutrients. Despite studies in
humans which have shown the negative effects of LC-HF
diets on growth and bone health, ketogenic LC-HF diets
are commonly used as a therapeutic approach for children
suffering from epilepsy [12, 13]. Given the wide use of
well-defined, ketogenic LC-HF diets as a treatment option
for epilepsy in children and the frequent consumption of
less strictly controlled LC-HF diets for weight loss pur-
poses in the general population, an enhanced understanding
on the potential side effects of LC-HF diets as well as addi-
tional insights into potential sex-specific effects of LC-HF
diets is required.

Hormonal circuits particularly oestrogen and androgen
involving pathways are fundamental to the aetiology of
osteoporosis in both women and men with sex-specific dif-
ferences in the susceptibility and response to osteoporotic
fractures [14, 15]. Parallel to the actions of sex hormones in
the regulation of bone, growth hormone (GH) and insulin-
like growth factor-I (IGF-I) are essential for bone growth
and skeletal microarchitecture maintenance [16]. We have
previously reported that young male rats fed an “Atkins-
style” LC-HF diet which is matched in its protein content
to the control diet (CD) or a ketogenic LC-HF diet have
impaired skeletal growth and less BMD due to lower bone
formation compared to CD [17]. These skeletal changes
in young male rats fed the protein-matched LC-HF and
ketogenic LC-HF diets were consistent with lower circulat-
ing GH and IGF-I concentrations. Furthermore, male rats
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fed with the LC-HF diets displayed GH resistance due to
a reduced hepatic expression of GH receptors (GHR) com-
pared to CD [9, 17].

Most studies using diets with altered macronutrient
composition in rodents have investigated the metabolic and
endocrine consequences of LC—HF diets only in male or
in female rodents, but not in both sexes. However, there is
a clear rationale to speculate that the effects of diets with
altered macronutrient composition are also modulated
through the “endocrine environment” of the subject con-
suming the diet, that is, diets may have different effects in
male versus female subjects.

Considering the importance of sex hormones on metabo-
lism and the skeletal system and in light of our previous
findings in young male rats, this study investigated in adult
male and female rats whether the LC-HF diets used in pre-
vious studies would have sex-specific effects on body com-
position, bone homoeostasis, sex hormones and the GH/
IGF system.

Methods
Animal husbandry

Ten-week-old female Wistar Han rats (n = 10-12/
diet group; Charles River, Sulzfeld, Germany) were
housed in individual cages in a controlled environment
(21.3 £ 0.6 °C, humidity 60 £ 15 %) and maintained on
a 12-h light—dark cycle. All animals received ad libitum
access to water and a standard laboratory rodent diet for
2 weeks to ensure acclimatisation. Body weight and 24-h
food intake were measured daily (Sartorius Competence
CP2201, Goettingen, Germany) before the onset of the dark
period. Following acclimatisation, rats were divided into
diet groups and were matched for body weight. Rats were
then pair-fed daily with LC-HF diets (detailed below) on
an isoenergetic basis to the CD for 4 weeks, as previously
described [6] and culled at 16 weeks of age. For the pair-
feeding procedure, daily (ad libitum) food intake of the CD
group was measured, which allowed subsequent calculation
of daily energy intake (metabolisable energy, ME) and allo-
cation of the individual amounts of the respective LC-HF
diets to the two other diet groups. This procedure ensured
that all effects observed are solely due to differences in
macronutrient composition and not to differences in energy
intake. A second cohort of 10-week-old male Wistar Han
rats (n = 5-8/diet group, Charles River, Sulzfeld, Ger-
many) was kept under the same conditions to investigate
the effects of the same LC-HF diets on sex hormones and
BMD using identical methods also in age-matched male
rats. Experiments with male and female rats were not
conducted in parallel to avoid a potential interference of



Eur J Nutr (2016) 55:2307-2320 2309
Table 1 Diet composition for Nutrient/unit cD LC—HE-1 LC—HE-2
CD, LC-HF-1 and LC-HF-2
Gross energy Ml/kg 20.1 30.9 33.6
Metabolisable energy MlJ/kg 17.62 27.73 31.55
Fat (beef tallow) % in dm/% of ME 8/16.7 55/78.7 75/92.8
Protein (casein) % in dm/% of ME 19.3/19 30/19.1 10/5.5
Carbohydrate (starch) % in dm/% of ME 66/64.3 3/2.2 3/1.7
Minerals Ca (g/kg) 54 8.5 9.6
Ca (g/ME) 0.31 0.31 0.3
P (g/kg) 2.7 52 5.8
P (g/ME) 0.15 0.19 0.18
Na (g/kg) 2.1 3.6 43
Na (g/ME) 0.12 0.13 0.14
K (g/kg) 4.1 6.2 74
K (g/ME) 0.23 0.22 0.23
Trace elements Fe (mg/kg) 107.7 187.4 162.8
Zn (mg/kg) 60.7 91 94.6
Cu (mg/kg) 7.8 10.8 22.5
I (mg/kg) 0.8 1.3 1.4
Mn (mg/kg) 16.7 28.8 30.8
Se (mg/kg) 0.3 0.5 0.6
Vitamins Vit A (IU/kg) 4300 6800 8000
Vit D (IU/kg) 1075 1700 2000
Vit E (IU/kg) 113 170 200
Vit K3 (mg/kg) 4.6 7.3 8.6
Vit B1 (mg/kg) 6.5 10.2 12
Vit B2 (mg/kg) 6.9 10.9 12.8
Vit B6 (mg/kg) 7.5 11.9 14
Vit B12 (mg/kg) 0.05 0.09 0.1
Niacin (mg/kg) 355 56.2 66.1
Pantothenic acid (mg/kg) 17.3 274 322
Folic acid (mg/kg) 2.6 4 4.8
Biotin (mg/kg) 0.2 0.3 0.4
Choline (mg/kg) 1215 2020 1975

Ca calcium, CD control diet, dm dry matter, Fe iron, GE gross energy, / iodine, K potassium, /E interna-
tional unit, LC-HF-1 protein-matched low-carbohydrate, high-fat diet, LC—-HF-2 ketogenic low-carbohy-
drate, high-fat diet, ME metabolisable energy, MJ megajoule, Mn manganese, Na sodium, P phosphorous,

Se selenium, Vit vitamin, Zn zinc

mating behaviour. All procedures were in accordance with
the European animal welfare act and have been approved
by the Upper Bavarian Government’s ethical committee for
animal experiments.

Diet composition

All diets were custom-made and purchased from Provimi
Kliba Nafag (Kaiseraugst, Switzerland). The detailed com-
position of each diet is provided in Table 1. The macronutri-
ent composition of each diet was independently controlled

after production by Weende analysis (AGROLAB group/
LUFA ITL, Kiel, Germany). As shown previously [6], the
LC-HF-1 is an example of a very-low-carbohydrate, pro-
tein-matched, high-fat diet, whereas LC-HF-2 represents
a truly ketogenic diet. Diets were semi-purified, and only
a single, identical source was used for each macronutri-
ent (protein source: sodium casein; fat source: beef tallow;
carbohydrate source: starch). The LC-HF diets contained
a minimum amount of carbohydrates (~2 % of ME con-
tent), which is necessary to deliver minerals and vitamins.
The CD corresponds to the standard rodent diet used by
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the American Institute of Nutrition (AIN-93G diet). The
amounts of micronutrients (minerals and vitamins) added
to the diets were based on recommendations from the AIN-
93G reference diet and have been adapted to the respec-
tive ME content of each diet. Importantly, the calcium
and phosphorous contents of the diets were adjusted to the
energetic density of the respective diet, ensuring that all
rats consume equal amounts of calcium and phosphorous
also in a pair-feeding setting [18].

Tissue collection

Female rats were subcutaneously injected with the fluo-
rescent compound calcein (20 mg/kg; Sigma-Aldrich, St
Louis, MO, USA) 3 and 10 days prior to tissue collection
to enable subsequent calculation of mineral apposition rate
(MAR) as previously described [19]. After 4 weeks on the
respective diets, rats were given access to food for 1 h after
lights out and then fasted for 6 h (to standardise gastroin-
testinal filling) before decapitation under isoflurane anaes-
thesia. Body length (nose to rump) was measured before
decapitation while anesthetised rats were in ventral posi-
tion. Trunk blood was collected, centrifuged and stored at
—80 °C until analysis. The brown, gonadal, inguinal, retro-
peritoneal fat pads (only one side of each fat pad) and the
liver were excised, carefully freed from adherent tissues
and weighed (Scaltec Instruments, Goettingen, Germany).
Following decapitation and bleeding, all organs and the
skin/fur were excised from the rats. The remaining car-
cass was then weighed to measure lean body mass. Femurs
were excised, and a calliper was used to determine femoral
length. The femurs were then fixed overnight in 4 % para-
formaldehyde (PFA) at 4 °C and then stored in 70 % etha-
nol at 4 °C before undergoing processing.

Microcomputed tomography

Microcomputed tomography (micro-CT) was carried out at an
isometric resolution of 11 um (uCT 20, Scanco, Briittisellen,
Switzerland), and analyses were performed using Imagel [20]
with the BonelJ plugin, as previously described [21]. Follow-
ing fixation, the femur was packed into an enclosed rigid plas-
tic tube filled with 70 % ethanol and scanned. The following
parameters were generated for cortical bone analyses: corti-
cal thickness and cortical bone volume. The trabecular bone
parameters generated were: trabecular bone volume (BV/TV),
trabecular thickness, trabecular bone connective density, tra-
becular separation, degree of anisotropy and structure model
index (determines the plate- or rod-like geometry of trabecular
structures with 0 = plates and 3 = rods). For this analysis, we
excluded scans that had too much motion which distorted the
image. As such, there were 5-10 female femurs and 4-5 male
femurs per diet group which were included in the final analysis.
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Bone histomorphometry

The right femur was bisected transversely at the midpoint
of the shaft and processed as previously described [22].
Samples were embedded in resin made up of methyl meth-
acrylate (Sigma-Aldrich, Munich, Germany) and dibutyl
phthalate (Sigma-Aldrich, Munich, Germany), and 5-pm
sagittal sections were analysed as previously described
[22]. Endocortical MAR was estimated from calcein-
labelled images [22] (obtained with a Leica DMI 600B
microscope, Leica, Wetzlar, Germany) using ImageJ analy-
sis software.

Serum analysis

All blood samples were handled, processed and stored as
previously described [23]. Circulating serum concentra-
tions of total procollagen type 1 N-terminal propeptide
(PINP), C-terminal telopeptide type I (CTX-I, Ratlaps),
IGF-I (all assays from IDS, Boldon, UK), leptin (Medi-
agnost, Reutlingen, Germany) and estradiol (Calbiotech,
Spring Valley, CA, USA) were measured in duplicate by
commercially available manual immunoassays following
the manufactures instructions. Serum albumin, aspartate
aminotransaminase (ASAT), alanine aminotransaminase
(ALAT), cholesterol (total and HDL cholesterol) and tri-
glycerides were measured by an automated system (Cobas
8000, C702, Roche diagnostics, Mannheim, Germany).
Fasting blood glucose was measured using the semi-auto-
mated glucose oxidase method (EcoSolo; Care Diagnos-
tica, Voerde, Germany).

Liquid chromatography-tandem mass spectrometry
analysis of sex hormones

Corticosterone, 11deoxycorticosterone (DOC), andros-
tenedione, testosterone, 170H-progesterone (170HP) and
progesterone were measured by isotopic dilution (IS) lig-
uid chromatography—tandem mass spectrometry (LC-MS/
MS) as described previously [24] using an API4000 QTrap
mass spectrometer (AB-Sciex, Toronto, Canada). Intra-
assay coefficient of variation (CV) ranged between 1.0
and 11.9 % for all analytes. The functional sensitivity was
0.62 ng/ml for corticosterone, 0.078 ng/ml for androsten-
edione and testosterone, 0.313 ng/ml for DOC and 170HP
and 0.391 ng/ml for progesterone.

Analysis of GH secretion in female rats

After 3 weeks on the respective diets, multiple blood sam-
plings (10 samples during 5 h, sampling every 30 min)
from the tail vein were collected via bleeding to analyse
GH secretion profiles in a subset of six female rats from
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each group as described previously [9]. Circulating GH
concentrations were measured by immunoassay (Merck
Millipore, Billerica, MA, USA).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(GraphPad Prism®, version 5, La Jolla, CA, USA). For the
statistical comparison of data between the three dietary
groups (e.g. plasma hormone concentrations, bone param-
eters etc.), nonparametric Kruskal-Wallis with subsequent
Dunn’s post hoc tests for multiple comparisons was per-
formed. Final body weights after 28 days of feeding were
also compared using the Kruskal-Wallis test (with Dunn’s
post hoc tests). GH secretion was analysed by the rank plot
method as previously described [9, 25]. The data are shown
as mean = standard error of the mean (SEM), and signifi-
cance was considered at p < 0.05.

Results

Effects of LC-HF diets on body weight and longitudinal
growth in female rats

After an initial decline in body weight following the com-
mencement of diets, all female and male rats continuously
gained weight throughout the experimental period (Fig. 1a).
In female rats, isoenergetic consumption of either LC—
HF diet led to a lower final body weight after the 4-week
feeding period; however, this difference only reached sta-
tistical significance (p < 0.05) when comparing CD versus
LC-HF-2 (CD: 213.6 £ 2.0 g; LC-HF-1: 209.7 &+ 2.7 g;
LC-HF-2: 203.6 £ 2.7 g). Consistent with our previous
studies, male rats fed the protein-matched LC—HF-1 or the
ketogenic LC-HF-2 diet weighed significantly less com-
pared to CD (p < 0.0001). Lean body mass (carcass weight)
was also lower in female rats fed the protein-matched LC-
HF-1 and the ketogenic LC-HF-2 diets, reaching statistical
significance when comparing CD with LC-HF-2 (p < 0.05;
Fig. 1b). No significant differences between groups were
detected in nose-to-rump length (CD: 18.56 £ 0.37 cm;
LC-HF-1: 17.76 £ 0.16 cm; LC-HF-2: 17.90 &+ 0.16 cm,
p = 0.09) or femur length (CD: 30 & 0.18 mm; LC-HF-1:
29.92 £ 0.15 mm; LC-HF-2: 30.00 £ 0.17 mm, p = 0.57).

Increased visceral adiposity in LC-HF diet-fed female
rats

Brown adipose tissue (both absolute and normalised to
body weight) was not significantly different between the
groups. In comparison to CD, female rats fed the ketogenic
LC-HF-2 had greater liver weight when normalised to

body weight (Table 2). Subcutaneous adiposity was not sig-
nificantly changed in female rats in both protein-matched
and ketogenic LC-HF diet groups, as there were no signifi-
cant differences between CD and LC-HF-1 and LC-HF-2
in the absolute inguinal adipose tissue weight; however,
this was attenuated when normalised to body weight in
both LC-HF-1 and LC-HF-2 diet groups (Table 2). In con-
trast, central adiposity (gonadal and retroperitoneal depots)
was significantly greater in female rats fed the protein-
matched and the ketogenic LC-HF diets compared to CD
(Table 2).

Lower trabecular bone volume and P1NP in adult male
rats on the LC-HF diets

In adult 16-week-old male rats, micro-CT revealed lower
trabecular bone volume (BV/TV) in the protein-matched
and ketogenic LC-HF diet groups when compared to
CD reaching statistical significance with the ketogenic
LC-HF-2 diet (Fig. 2a), with representative reconstruc-
tions illustrating the trabecular effects of LC-HF diet
consumption (Fig. 2b). No significant effects were found
in the cortical compartment of the femur in adult male
rats (cortical thickness: CD: 0.74 + 0.02 mm, LC-HF-1:
0.74 £ 0.01 mm, LC-HF-2: 0.75 £ 0.03 mm). Simi-
larly, cortical bone volume was not affected by the diets
in adult male rats (CD: 12.1 £ 0.18 mm’, LC-HF-1:
11.7 & 0.28 mm®, LC-HF-2: 11.8 + 0.31 mm’). Consist-
ent with lower trabecular bone volume in adult male rats,
the bone formation marker PINP was also lower in male
rats fed LC-HF diets (CD: 3.6 £+ 0.4 ng/ml, LC-HF-1:
2.4 + 0.5 ng/ml, LC-HF-2: 2.1 &+ 0.1 ng/ml; CD vs. LC-
HF-1 and LC-HF-2: p < 0.05).

No femoral trabecular bone loss in female rats fed LC-
HF diets

In females, BV/TV was significantly greater in ketogenic
LC-HF-2-fed female rats compared to CD (Fig. 3a), but
unchanged in rats fed the protein-matched LC-HF-1.
This was consistent with thicker trabeculae in LC-HF-2
rats compared to CD, with no difference in LC-HF-1 rats
(Fig. 3b). There were no significant differences in trabecu-
lar separation (Fig. 3c) or trabecular connectivity (Fig. 3d)
between the diet groups. Consistent with thicker trabecu-
lae, the structure model index of LC—HF-2 rats suggests
that there were more “plate-like” trabeculae compared to
CD (Fig. 3e), indicating better bone quality. The degree of
anisotropy was similar between all female rats (Fig. 3f).
Representative 3D reconstructions of the bone scans dem-
onstrate that there were no differences between the groups

(Fig. 3g).
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Fig. 1 Body weight and lean A 400
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LC-HF diets do not affect cortical bone in female rats

In females, there were no significant differences between
groups in cortical bone volume (Fig. 4a) or cortical thick-
ness (Fig. 4b). Representative 3D images clearly show that
female rats in protein-matched and ketogenic LC-HF diets
groups have similar cortical bone outcomes to CD (Fig. 4c).
To ensure that these were not only static observations, we
also investigated bone formation. Endocortical MAR was
not different between groups (Fig. 4d), illustrated by the
similar distance between the two calcein bands across all
groups (Fig. 4e).
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Serum clinical chemistry, leptin and biomarkers
of bone formation and resorption in female rats

Serum albumin was not changed by protein-matched or
ketogenic LC-HF diets (Table 3). ALAT was significantly
greater in LC-HF-2, with no differences in LC-HF-1-fed
rats compared to CD (Table 3). There were no significant
group differences in serum ASAT, total cholesterol and tri-
glycerides. However, HDL cholesterol concentrations were
significantly higher in female rats fed LC-HF-2 compared
to CD (Table 3). Fasting glucose measured at cull was
significantly lower in both LC-HF-1- and LC-HF-2-fed
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Table 2 Adip(_)se tissue and CcD LC-HF-1 LC—HF-2

organ weights in female rats fed

CD, LC-HF-1 and LC-HF-2 Liver (g) 6.05 + 0.207 6.27 + 0214 6.64 +£0.117

for 4 weeks Liver (%BW) 2.85 £ 0.079° 3.01 £0.110% 3.20 = 0.059
Brown adipose tissue (g) 0.38 £0.017 0.40 £ 0.032 0.38 £0.023
Brown adipose tissue (%2BW) 0.18 + 0.009 0.19 £ 0.014 0.19 £ 0.012
Inguinal adipose tissue (g) 0.96 £ 0.101 1.12 £ 0.0873 0.98 £ 0.105
Inguinal adipose tissue (%BW) 0.45 £+ 0.046* 0.54 £ 0.043° 0.47 £ 0.048°
Gonadal adipose tissue (g) 4.6540.311° 6.41 £ 0.602° 6.17 £ 0.238°
Gonadal adipose tissue (%BW) 2.19 £0.131% 3.10 £ 0.293° 2.96 + 0.097°
Retroperitoneal adipose tissue (g) 1.23 £ 0.102% 1.58 £ 0.108° 1.49 + 0.090%
Retroperitoneal adipose tissue (%BW) 0.58 + 0.043% 0.76 £ 0.050° 0.72 £ 0.044%

Data represent means == SEMs, n = 8 per group. Labelled means in a row without a common letter differ

significantly, p < 0.05

CD control diet, LC-HF-1 protein-matched low-carbohydrate, high-fat diet, LC-HF-2 ketogenic low-car-

bohydrate, high-fat diet

Ags.
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[}]
£
S 0.2 b
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(]
c
o
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=
(3]
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Fig. 2 Trabecular bone volume in male rats fed CD, LC-HF-1 and
LC-HF-2 for 4 weeks. a Trabecular bone volume. b Representa-
tive micro-CT images of femoral trabecular bone volume in male
rats fed CD, LC-HF-1 and LC-HF-2 for 4 weeks. Data represent

female rats compared to CD (Table 3). Serum leptin was
higher in rats fed with protein-matched or ketogenic LC—
HF diets compared to CD, but this difference failed to
reach statistical significance. Furthermore, protein-matched
or ketogenic LC-HF diets did not significantly affect the
serum biomarkers of bone formation—P1NP—or bone
resorption, CTX-I (Table 3).

means + SEMs, n = 4-5 per group. Means not sharing a common let-
ter differ significantly, p < 0.05. CD control diet, LC—HF-1 protein-
matched low-carbohydrate, high-fat diet, LC-HF-2 ketogenic low-
carbohydrate, high-fat diet

Effects of LC-HF diets on steroid hormone
concentrations in male and female rats

As expected, the absolute concentrations of the sex hormone
testosterone differed by an order of magnitude between
male and female rats. However, within each sex, protein-
matched and ketogenic LC-HF diets did not significantly
affect the concentrations of serum estradiol, testosterone,
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cal thickness and ¢ Representative reconstructed images of femoral
cortical bone, d endocortical mineral apposition rate in female rats,
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Table 3 Serum biochemistry and proteohormones in female rats fed
CD, LC-HF-1 and LC-HF-2 for 4 weeks

CD LC-HF-1 LC-HF-2
Albumin (g/dL) 5006 4.6=+0.1 49+0.1
ALAT (U/L) 30.0+3.5* 32.6+£3.1% 41.6+34°
ASAT (U/L) 2544333 2334162 3704+49.7
Total cholesterol (mg/dL) 529 +4.0 52.8+4.5 51.3+£3.8
Triglycerides (mg/dL) 740+£9.1 755+128 8l1.6+11.0
HDL cholesterol (mg/dL) 5.0 £ 0.6* 7.4+ 1.1® 104 £ 1.6°
Fasting glucose (mg/dL) 106 £ 4.5 89 +3.2° 72 +5.3°
IGF-I (ng/ml) 727438 718 +£28 642 + 22
Leptin (pg/ml) 337+£82  601+159 548475
PINP (ng/ml) 09601 081+01 082401
CTX-I (ng/ml) 15613 151+18 137419

Data represent means = SEMs, n = 6-8 per group. Labelled means
in a row without a common letter differ significantly, p < 0.05

ALAT alanine aminotransaminase, ASAT aspartate aminotransami-
nase, CD control diet, HDL high-density lipoprotein, /GF-I insulin-
like growth factor-I, LC-HF-1 protein-matched low-carbohydrate,
high-fat diet, LC-HF-2 ketogenic low-carbohydrate, high-fat diet,
PINP total procollagen type 1 N-terminal propeptide, CTX-I C-termi-
nal telopeptide type I

androstenedione and progesterone (Table 4). Concentra-
tions of 170H-progesterone were not statistically evaluated
because most samples displayed concentrations which were
below the detection limit of the method. Of note, testoster-
one trended to be higher (not significant) and the adrenal
hormones corticosterone and 11deoxycorticosterone were
significantly lower in male rats fed with LC-HF-1 and LC—
HF-2 compared to CD. This difference was not observed in
female rats fed with the LC-HF diets (Table 4).

Effects on the GH/IGF system in male and female rats

As expected and observed multiple times in our previous
studies [9, 10, 17], the adult male rats from the current

investigation also displayed significantly lower serum
IGF-I concentrations when fed with either of the LC-HF
diets (CD: 1169 £ 45 ng/ml, LC-HF-1: 936 £ 40 ng/ml,
LC-HF-2: 873 + 48 ng/ml; CD vs. LC-HF-1 p < 0.05,
CD vs. LC-HF-2: p < 0.01). In contrast, both LC-HF-1
and LC-HF-2 did not significantly affect circulating IGF-I
concentrations in serum of female rats (Table 3). In order
to gain a comprehensive understanding of GH secretion in
female rats, we compared the three diet groups by ranking
the GH concentrations of each group by magnitude (Fig. 5).
This rank plot analysis demonstrates the nadir-to-peak dis-
tribution of GH values. Female rats fed either LC-HF-1 or
LC-HF-2 displayed significantly lower GH secretion com-
pared to CD (p < 0.01; Fig. 5).

Discussion

In this study, we demonstrate for the first time that the iso-
energetic consumption of LC-HF diets exerts sex-specific
effects on bone health in rats. The current investigation
extended our previous finding, that is, LC-HF diets induce
lower trabecular BV/TV and lower serum concentrations of
the bone formation marker PINP in young male rats [17],
now also in adult male Wistar rats fed with LC-HF diets.
In sharp contrast, both LC-HF diets did not impair bone
health in female rats, as there were no effects of diet on tra-
becular or cortical bone compartments. Furthermore, there
were no changes in cortical bone formation as assessed by
histomorphometry. Also unchanged serum markers of bone
turnover (PINP and CTX-I) in female rats fed with LC-
HF diets compared to CD are in the same direction, that is,
no negative effects on bone health during a 4-week feed-
ing period. Interestingly, this study shows that LC-HF diets
impair pituitary GH secretion similarly in adult male [9]
and adult female rats. In contrast to male rats, there were
no significant effects of both LC-HF diets on circulating
IGF-I concentrations in female rats.

Table 4 Circulating sex hormones in male and female rats fed CD, LC-HF-1 and LC-HF-2 for 4 weeks

Female Male

CD LC-HF-1 LC-HF-2 CD LC-HF-1 LC-HF-2
Estradiol (pg/ml) 42407 32402 59+22 52+03 44401 47+0.5
Testosterone (ng/ml) 0.15 £ 0.01 0.19 £ 0.05 0.11 £ 0.03 1.25 £0.44 375 £2.17 33+£1.70
Androstenedione (ng/ml) 0.09 £ 0.01 0.16 £ 0.05 0.09 £+ 0.01 0.17 £ 0.05 0.84 £ 0.59 0.66 £ 0.26
Progesterone (ng/ml) 12+44 16.7+7.9 31.1+ 8.6 1.1+02 0.59£0.1 0.83 +0.1
Corticosterone (ng/ml) 578 £ 136 402 £+ 134 340 £91 384 £ 40° 102 4+ 39° 70 + 28°
11deoxycorticosterone (ng/ml) 6.6 £23 30£1.2 24£0.7 43+ 1.5% 0.88 +0.4° 0.74 +0.25°

Data represent means + SEMs, n = 5-7 per group. Labelled means in a row without a common letter differ significantly within sex, p < 0.05
CD control diet, LC-HF-1 protein-matched low-carbohydrate, high-fat diet, LC—-HF-2 ketogenic low-carbohydrate, high-fat diet
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Fig. 5 Rank plots of growth hormone concentrations in female rats
fed CD, LC-HF-1 and LC-HF-2 for 4 weeks. Data points are derived
from GH measurements from multiple blood samplings (10 samples
during 5 h, sampling every 30 min) in six female rats from each die-
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Accumulating evidence shows that males and females
can differ in their response to medical treatments [26-28].
Tailoring certain medical interventions to the sex of the
patient could improve both safety and efficacy. While it
is not surprising that the physiological differences in sex
hormones can affect many aspects of growth, metabo-
lism and bone health [26, 29], the vast number of animal
studies focus on either male or female animals without
directly examining both sexes in a single study. Investiga-
tions that study only a single sex cannot determine whether
an observed phenotype or mechanism is equally true for
both males and females. In this context, a recent study
has clearly shown that mice display a sexually dimorphic
response to a high-fat diet with respect to hypothalamic
inflammation and several metabolic parameters such as
glucose tolerance [30]. Owing to the important sex-specific
differences, authors have highlighted the need to correct for
the sex bias in both human and animal research, and journal
editors and reviewers should state the sex of subjects used
already in the title of publications [31, 32]. With respect to
LC-HF diets and their effects on body weight gain, body
composition, growth and bone metabolism, our current
study together with our previous findings now closes this
specific gap and shows data for male and female rats. The
knowledge that LC-HF diets can have sex-specific effects
may also help to better interpret conflicting data from the
literature.

In the present study, female rats fed LC-HF diets do not
appear to have any defects in growth as there were no dif-
ferences in nose-to-rump length or femur length compared
to CD. In contrast, we have previously demonstrated that

young male rats fed LC—HF diets displayed stunted growth
demonstrated by decreased nose-to-rump length, femur
length and lean body mass when compared to CD [17].
Growth retardation and lower BMD have been described
to be major drawbacks of treatment with ketogenic LC-HF
diets in children suffering from intractable epilepsy [12,
13, 33-35]. In these studies, the authors did not specifically
compare the effects of ketogenic diets on bone between
boys and girls which might also be of less importance due
to similar hormonal conditions in pre-pubertal children. In
adults, very little information on the effects of ketogenic
diets on growth and bone health is available. Ketogenic
diets are the only known treatment option for glucose
transporter 1 deficiency syndrome (GLUT-1 DS) which
also requires treatment in adults [36]. In adult patients
with GLUT-1 DS, a recent case series has shown that
treatment with ketogenic diets has no adverse effects on
bone health—interestingly all three subjects studied were
women [37]. Given the obvious sex-specific differences in
circulating sex hormones between males and females, we
hypothesised a strong effect of LC-HF diets on circulating
sex hormone concentrations. To our surprise, LC-MS/MS
analysis did not reveal significant differences in sex hor-
mone concentrations between the diet groups for either sex.

In our previous studies in male rats [9, 17], both LC—
HF diets impaired the GH/IGF system. Secretion of GH per
se is known to be sex-specific, with male rats showing a
higher pulsatility of GH, while female rats have less GH
peaks, but display a higher basal secretion [38, 39]. IGF-I
concentrations were significantly lower in male rats fed
with both LC-HF diets—confirming our previous findings
[9, 17]. In contrast to males, serum IGF-I was not different
in female rats on either of the LC-HF diets. However, pitu-
itary GH secretion was lower in female rats in both LC-HF
diet groups, as shown by the rank plot method from serial
blood samplings. These findings indicate that the effects of
LC-HF diets on circulating GH levels are similar in male
and female rats; however, the effects on circulating IGF-I
are sex-specific. We therefore hypothesise that unchanged
IGF-I in female rats could be a result of less peripheral GH
resistance (that is, lower hepatic GHR expression) which
has been previously demonstrated in male rats fed with
the LC-HF diets [9]. Our data suggest that the unchanged
IGF-I concentrations in female rats fed with LC-HF diets
may, in part, explain the absence of a LC-HF diet-induced
impairment in bone health.

The current study aimed to investigate how a short-term,
4-week feeding intervention with LC—HF diets affects bone
health in adult rats. While young [17] and adult male rats
showed marked effects of LC-HF diet consumption after
4-weeks, this was not observed in female rats. However, the
current study cannot exclude the possibility that a longer
feeding period or feeding the LC-HF diets to younger
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female rats would have led to similar findings in female rats
compared to male rats, that is, the detrimental effects on
bone health. The amount of micronutrients, including phos-
phorous, calcium, vitamin D and vitamin K, were matched
to the energetic density of each diet, so that pair-fed ani-
mals consumed identical quantities of micronutrients as
well as calories. We did not investigate intestinal calcium
uptake and serum parathyroid hormone (PTH) in female
rats fed with the different diets. Therefore, it remains
speculative whether calcium and phosphorus uptake with
LC-HF diets is also regulated in a sex-specific manner and
whether in relation to lean body mass, the higher uptake
of calcium and phosphorus in rats fed with LC-HF diets
could have had a protective or compensatory effect on bone
measures in females. In male rats, a 4-week isoenergetic
consumption of mineral-balanced LC-HF diets—which
also resulted in a lower lean body mass—did not signifi-
cantly affect circulating serum concentrations of calcium,
phosphorous and PTH despite markedly reduced bone min-
eral density [17, 18]. Therefore, it may be assumed that at
least the ‘higher calcium and phosphorous intake relative to
lean body mass’ did not significantly affect bone measures
in females. In addition to vitamin D, vitamin K—especially
vitamin K2, has been demonstrated to play an important
role in bone formation [40]. It has been shown that vita-
min K2 affects osteoblastic cells through a protein kinase
A-dependent mechanism [41]. All diets in the current study
were formulated as non-natural, semi-purified diets, and
vitamins were added via a defined synthetic vitamin pre-
mix. In this pre-mix, vitamin K1 and vitamin K2 were not
present at all, and all of the vitamin K was derived from
vitamin K3 only. Therefore, vitamin K2 intake can be
excluded as an influencing variable in this study.

While the effects of LC-HF diets on bone are sex-spe-
cific, other undesirable side effects of LC-HF diets, espe-
cially increased adiposity, were also detected in female
rats. Female rats fed LC-HF diets showed lower body
weight after the 4-week feeding period; however, this was
not to the same magnitude as in male rats fed LC-HF diets.
Studies in humans have shown a clear association between
BMD and weight, with a simultaneous loss in body weight
and decrease in BMD [15]—consistent with our previ-
ous findings in male rats [17]. Bone is a load-bearing tis-
sue, and mechanical forces such as body weight affect the
development and maintenance of its structure [42]. Given
that female rats fed LC-HF diets had a less pronounced
loss of body weight compared to male rats in our previ-
ous studies [6], female rats may have had greater physical
forces exerted upon the skeleton compared to male rats,
relative to control. Thus, body mass may have potentially
impacted the bone outcomes in this study, with osteocytes
responding to greater physical forces [42]. Further stud-
ies involving mechanical hindlimb unloading in rats are

@ Springer

required to investigate the role of osteocytes in response to
LC-HF diets.

In conclusion, these data demonstrate sex-specific effects
of LC-HF diets on bone health. In female rats fed LC-HF
diets, body weight gain was affected to a lesser degree when
compared to males. In contrast to male rats, there were no
detrimental effects of the protein-matched or the ketogenic
LC-HF diets on bone health, as measured by serum markers
of bone turnover, bone cellular activity and cortical and tra-
becular bone compartments in female rats. While the effects
of LC-HF diets on bone are sex-specific, other undesirable
side effects of LC—HF diets, especially increased adiposity
and loss of lean body mass, were also detected in female
rats. Importantly, the effects of LC-HF diets on fat accumu-
lation in females were independent of energy intake due to
the pair-feeding procedure. This study is a clear example of
sex-specific effects of LC—HF diets and highlights the need
for sex-specific investigations of pathologies related to diet,
bone and metabolic abnormalities.
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