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Abstract
P ingestion has been found to alter energy balance, while regular physical exercise (E) was reported to be associated with energy compensation.
However, it is not clear whether dietary P would affect energy compensation following structured E. Two experiments were performed, low P
(LP) (0·1, 0·2 and 0·3 %P) and high P (HP) (0·3 , 0·6 and 1·2 %P) diets. In each experiment, male rats were randomly divided into three groups
(n 8), in which a sedentary or a moderate-intensity exercise routine (30min 5 d a week) was implemented. Energy intake (EI); efficiency and
stores; body measures and total energy expenditure (TEEx) were monitored for 6 weeks. In the LP experiment, EI and weight gain were the
lowest in the 0·1 and 0·2 %P as compared with the 0·3 %P. In the HP experiment, EI was highest in the high P (0·6 and 1·2 %P) groups, while
weight gainwas reduced. In both experiments, exercise was able to reduce body fat accumulation and tomaintain a higher % lean bodymass. In
the LP diets experiment, the similarity in TEEx between the sedentary and exercising groups suggests the probability of a reduction in normal
daily activities, which indicates the presence of compensation for the energy expended during exercise by a subsequent reduction in EE. In
contrast, the elevated TEEx in the HP exercising groups (0·6 and 1·2 %P) argue against the presence of energy compensation. In conclusion, high
dietary P decreases the body’s capability to compensate for the energy deficit induced by E, consequently maintaining an elevated TEEx.
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P is an essential mineral that plays an important role in energy
metabolism(1). Being incorporated in adenosine triphosphate,
it has been shown to enhance energy expenditure (EE).
Ingestion of P was able to elevate both RMR upon consumption
of a low energy diet(2) and postprandial thermogenesis in obese
subjects(3,4). Similarly, P caused a significant increase in RMR in
obese women during weight reduction(5). In line, it was recently
demonstrated that the addition of 500mg of P to a high carbohy-
drate meal was able to boost postprandial EE of both lean and
obese subjects(6), as well as enhance the postprandial
thermogenesis upon ingestion of diets of different nutrient
compositions(7). Such increases in different components of EE
may be related to P availability(8), which is directly influenced
by dietary P intake and replenishment(9,10).

Extensive research has also highlighted the ability of struc-
tured exercise, denoting supervised, prescribed and/or planned
training sessions, to alter various components of EE. It was

demonstrated that exercise enhances RMR when measured by
indirect calorimetry(11). Generally, animal studies have shown
that both single exercise sessions and long-term exercise training
at various intensities result in increases in RMR(12). Of note is that
the greater the intensity of the exercise, the higher the post-
exercise EE(13). However, the energy cost of exercise was
reported to be partially compensated over time(14), through alter-
ations in EE and/or energy intake(15,16). The effect of structured
exercise on total daily EE is evident though its impact on non-
exercise activity thermogenesis (NEAT). NEAT is defined as
the EE for all activities except structured exercise, such as activ-
ities of daily living, occupation, leisure, postural maintenance,
spontaneous muscle contraction, talking and fidgeting(17). As
such, while some studies reported an elevation in NEAT post-
exercise(18), numerous others found a reduction in EE from
NEAT as a compensation for the energy spent during exercise
sessions(19,20). More specifically, as volume and intensity of
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exercise increases, NEAT decreases(20). Additionally, aerobic
exercise results in a reduction in NEAT(14,16), possibly due to
increases in fatigue associated with aerobic training(21).
However, it is not clear whether the capacity of P to stimulate
EE would impact energy compensation following regular struc-
tured aerobic exercise. Accordingly, our objective was to exam-
ine the combined effect of dietary P and moderate-intensity
running exercise routine on energy balance and body
composition.

Methods

Animal housing

Approval of the experimental protocol was obtained from the
Institutional Animal Care and Use Committee of the American
University of Beirut, Lebanon. The study was performed in
accordance with the criteria outlined in the Guide for the Care
and Use of Laboratory Animals. Seven-week old male Sprague
Dawley rats were housed individually in wire-bottom cages in
a controlled environment (22 (SD 1)°C, inverse light cycle 12 h
light–12 h dark cycle, light off at 13.00 hours). Rats had free
access to water and semisynthetic powder control diet for
1-week adaptation period.

Experimental diets

The semisynthetic powder experimental diets (online
Supplementary Table S1) were isoenergetic and were all pre-
pared using the same ingredients. Dried egg white was used
as the main source of protein (20 % of the energy content),
because it supplies all essential amino acids and contains negli-
gible amounts of P (mean values and standard deviation: 1·5
(SD 0·013) g/kg) (EPA reference). To control the level of P in
the various diets, P-free mineral mix (AIN-93 G mix without P)
was used, and different proportions of potassium phosphate
from Dyets Inc. were added accordingly. Potassium phosphate
was used as the P source because K does not affect the growth of
laboratory rodents(22,23).

Experimental design

Two sequential experiments were run. Following the 1-week
acclimation period, forty-eight rats in Expt 1 (Low P-LP diets)
and forty-eight rats in Expt 2 (High P-HP diets) were randomly
divided into different experimental groups (eight rats per group),
each presented with their corresponding experimental diet con-
taining various P levels, and following either a sedentary (S) or an
exercise (E) routine.

Under standard conditions, the recommended P content of
rats’ diet is 0·3 % based on the AIN-93 recommendation for
optimal growth of laboratory rats(24). 0·1 %P is equivalent to
0·063 mg P/kJ (0·263 mg P/kcal), 0·2%P~0·126 mg P/kJ (0·526
mg P/kcal), 0·3 %P~0·189 mg P/kJ (0·789 mg P/kcal), 0·6%
P~0·377 mg P/kJ (1·579 mg P/kcal) and 1·2%P~0·755 mg P/kJ
(3·158 mg P/kcal). Rats were maintained on their respective diet
ad libitum for the whole experimental period of 6 weeks. Upon
termination of the experiment, overnight-fasted rats were anaes-
thetised with isoflurane (Forane; Abbott) and blood was collected
from the superior vena cava. The rats were then killed by severing
their hearts. Immediately afterwards, tissue samples (liver, gas-
trocnemius muscle, epididymal fat pad) were immediately
excised, weighed, frozen in liquid N2 and then stored at −80°C.
Blood samples were centrifuged at 2200 g for 15min at 3°C, and
aliquots of plasmawere collected and stored at−80°C until further
analysis.

Structured exercise

A motor-driven rodent treadmill apparatus (4-lane Rat Model
locally manufactured for experimental purposes) was used for
the implementation of structured exercise training sessions.
Initially, during a 3-d acclimation period, the physically exer-
cised groups underwent a low-intensity running protocol for
10 min/d at 10 m/min. Thereafter, 30 min of moderate-intensity
exercise protocol (equivalent to 60 %VO2 max) was imple-
mented 5 d a week for a total of 6 weeks. Wherein, exercising
rats were started at 10 m/min for 5 min, and speed was
increased up to 14 m/min for another 5 min, then kept constant
at 18 m/min(25) to reach a total of 30 min per session. To encour-
age the rats to run forward during the whole training session, a
mild electrical stimulus (0·1mA at 90 volts and 25 Hz) was
delivered(26). Correspondingly, sedentary rats were placed on
the treadmill in static mode for the same period of time.

Body weight and composition

Body weight and body composition analysis were measured
once per week till the end of the experiment. For non-invasive
measurement of body composition, rats were placed in a whole-
body composition analyser (Minispec LF110) based on NMR
technology, yielding measurements for fat tissue (fat mass-
FM), lean tissue (Lean Body Mass-LBM) and free fluid in liv-
ing rats.

Energy balance parameters

Food intakewasmonitored twiceweekly and averaged in order to
calculate weekly energy intake and subsequently total energy
intake (EI). Total energy expenditure (TEEx) was estimated using
an energy balance technique,which is highly correlatedwith indi-
rect calorimetry. It was specifically calculated as the difference
between EI over the whole experimental period and the change
in energy stores (ΔEst) (energy accumulated in fat and lean mass
gain)(27). In particular, body composition parametes (FM and
LBM) were recorded at the start and the end of the experiment
(in grams), and the mass gains were computed in terms of

Groups Exp 1 (LP diets) Exp 2 (HP diets)

G1 0·1%P and S (0·1S) 0·3%P and S (0·3S)
G2 0·1%P and E (0·1E) 0·3%P and E (0·3E)
G3 0·2%P and S (0·2S) 0·6%P and S (0·6S)
G4 0·2%P and E (0·2E) 0·6%P and E (0·6E)
G5 0·3%P and S (0·3S) 1·2%P and S (1·2S)
G6 0·3%P and E (0·3E) 1·2%P and E (1·2E)
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accumulated energy stores also known asΔEst (in kJ), i.e. the sum
of the change in fat stores (ΔFatst) and the change in LBM stores
(ΔLBMst). The energetic equivalent of FMwas assigned 39·33 kJ/g
(9·4 kcal/g) and LBM 4·184 kJ/g (1·0 kcal/g)(28,29). Below are the
detailed calculations of TEEx:

TEEx ¼ EI� ΔFatstþ ΔLBMstð Þ andΔEst ¼ ΔFatstþ ΔLBMst

ThenTEEx ¼ EI� ΔEst

Where; ΔFatst ¼ FMFinal� FMInitialð Þ � 39�33 kJ=g

And; ΔLBMst ¼ ðLBMFinal� LBMInitialÞ � 4�184 kJ=g

Consequently, the percentage fat stores (%Fatst) represents
the proportion of the gain in energy stores attributed to fat accu-
mulation, and the percentage LBM stores (%LBMst) denotes the
proportion of the gain in energy stores attributed to LBM accu-
mulation. The specific calculations are as follows:

%Fatst ¼ ΔFatst=ΔEstð Þ � 100

%LBMst ¼ ΔLBMst=ΔEstð Þ � 100

Finally, energy efficiency (EEf) is determined as the amount
of energy stored per 100 kJ consumed.

EEf ¼ proportion of ΔEst=100 kJ ingested

¼ ðΔEst� 100 kJÞ � EI

Plasma analysis

Fasting plasma glucose, total cholesterol, HDL-cholesterol, TAG,
total P, plasma urea nitrogen (PUN) and plasma creatinine were
measured with an enzymatic colorimetric method on the Vitros
350 Chemistry System (Ortho-Clinical Diagnostics). The plasma
insulin concentration was determined by an enzyme immuno-
assay using the Rat/Mouse Insulin ELISA Kit (EZRMI-13 K;
EMD Millipore Corporation). The plasma parathyroid hormone
(PTH) and fibroblast growth factor-23 (FGF-23) were quantita-
tively measured by a sandwich enzyme immunoassay technique
using the Rat PTH and Rat FGF23 ELISA Kits respectively (My
BioSource, Thermo Fisher Scientific).

Statistical analysis

The Harvard University (USA) software (http://hedwig.mgh.
harvard.edu/sample_size/size.html) was used to determine
sample size. The sample size for two groups was calculated
using input parameters as follows: α error probability of 0·05,
power probability of 0·08, 1·5 or 25 % difference between the
means based on previously determined weight gain data (6·0
(SD 0·95) g/d)(30). As a result, a total of sample size of eight rats
per group was obtained.

Results were expressed as mean values and standard
deviation. Statistical analysis was performed using the SPSS
Statistics 25.0 software (IBM Corp.). In both experiments,
multiple-way ANOVA (general linear model), with time, P and
exercise as well as their interactions was used to analyse the

results throughout the 6-week experimental period. For the var-
iables that were not measured on weekly basis, general linear
model, with P and exercise as well as their interactions was used.

Results

Energy balance outcomes

In the LP diets experiment (Exp 1), EI was significantly different
according to P (P < 0·001), in which the 0·3 %P groups had the
highest intake. While EI of the exercised rats was significantly
lower than that of the sedentary rats (P= 0·009) (Fig. 1(A)).
Surprisingly, the TEEx was not found to be affected by neither
P nor E. Changes in EEf were similar to that of EI, in which
EEf was increased as the P content of the diet increased, and this
was highly pronounced in the 0·3 %P groups (P < 0·001),
whereas EEf decreased among the exercising groups (P= 0·001)
(Fig. 1(B)). In line with the trajectory of EEf, the ΔEst were
altered between groups with different P levels, demonstrating
lower accumulation of body stores with lower dietary P intake
as compared with the standard 0·3 %P group (P= 0·039).

In the HP diets experiment (Exp 2), EI significantly varied
between the various P levels (P= 0·001) (Fig. 2(A)).
Additionally, P × E interaction was significantly different
between all of the six groups (P= 0·002), demonstrating an
incremental increase in intake in the exercising groups of both
0·6 and 1·2 %P as compared with their sedentary counterparts.
In contrast to LP diets experiment, TEEx significantly increased
with increasing P levels and supervised E (P< 0·001).
Additionally, TEEx responded to the combined effect of these
factors, showing a greater EE in the 1·2 %P sedentary group
(339·62 kJ/d (81·17 kcal/d)) as compared with the 0·3 %P
(311·04 kJ/d (74·34 kcal/d)) (P= 0·05) and 0·6 %P (318·99 kJ/d
(76·24 kcal/d)) (P= 0·034) sedentary groups (Fig. 2(A)). EEf
was also significantly influenced by P (P= 0·010) and E (P <
0·001) (Fig. 2(B)). Notably, the EEf was altered by the joint P
× E factors, where it was significantly lower in the 1·2 %P groups
as comparedwith the 0·3 %P groups (P= 0·047). A similar course
of change in totalΔEst was documented, where incremental lev-
els of dietary P resulted in a decreasing trend inΔEst, whichwere
significantly reduced in response to physical exercise (Fig. 2(B)).

Body weight gain and composition variations

In the LP diets experiment, bodyweight increased gradually with
time, though differences were observed between the various
groups (Fig. 3(A)). In which, body weight was increased with
P content of the diet (P< 0·001), essentially showing significance
between 0·1 % and 0·3 %P sedentary groups starting at week 2
(online Supplementary Table S2). Further, a significantly lower
body weight was displayed in the exercising groups
(P= 0·001). At the body composition level, significant
differences in % body fat were found according to P
(P= 0·001) and E (P= 0·005) (Fig. 3(B)). % body fat in the
0·3 %P sedentary groupwas higher than that of the other groups.
Additionally, the groups who were regularly exercising accumu-
lated a lower % body fat throughout the experimental period
(P= 0·005) (see online Supplementary Table S3 for details).
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Percentage LBMwas found to be statistically significant accord-
ing to P (P = 0·001) and E (P = 0·013) (Fig. 3(C)) (see online
Supplementary Table S4 for details). Looking at the quantity
and type of energy stores accumulated throughout the study
period (Table 1), it is clear that the ΔEst of the 0·3 %P sedentary
group was the highest, differing by around 1200 kJ (300 kcal) as
compared with the other groups, while ΔEst in the exercising
groups was lower than the sedentary groups, though failed to
reach statistical significance (P = 0·062). The differences in
ΔEst between the groups were mainly related to changes in
body fat content, as the amount of LBM gained was similar
between the groups. Thus, the lower ΔFatst observed in the
exercising groups resulted in a higher proportion of gain in

body stores coming from LBMst accumulation (%LBMst) among
these groups.

In the HP experiment, bodyweight was significantly different
according to P, E and their interaction (Fig. 4(A)). In the seden-
tary groups, the 0·3 %P showed a higher bodyweight than that of
the other groups. As expected, the groupswhowere consistently
exercising had a significantly lower body weight than the non-
exercising groups, and the magnitude of the difference in weight
being greatest among the 0·3 %P group (E v. S) (P< 0·001).
Effectively, the 0·3 %P exercising group started showing signifi-
cantly less body weight gain as compared with its sedentary
counterpart starting at week 3 (online Supplementary Table
S5). Percentage body fat was significantly influenced by P, E

Fig. 1. Expt 1 – Effect of phosphorus and exercise on total energy intake (EI) ( ) (A), total energy expenditure (TEEx) ( ) (A), energy efficiency (EEf) ( ) (B), and the
accumulated energy stores (ΔEst) ( ) (B) in the six group of rats over the 6-week experimental period. Group 0·1S: 0·1%P and sedentary; group 0·1E: 0·1%P and
exercise; group 0·2S: 0·2%P and sedentary; group 0·2E: 0·2%P and exercise; group 0·3S: 0·3%P and sedentary; group 0·3E: 0·3%P and exercise. Data are expressed
as mean values and standard deviations of all values. A multiple-way ANOVA (general linear model) was performed with time, phosphorus and exercise as factors.
Significance was set at P< 0·05.
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and the combined P × E factors, and the pattern of change was
very similar to that of body weight, noting a lowest % body fat in
the 1·2 %P exercising group (P= 0·01) (Fig. 4(B)) (see online
Supplementary Table S6 for details). The sedentary groups dis-
played a lower %LBM than their exercising counterparts, and the
extent of this difference was highest among the 0·3 % and 1·2 %P
groups (S v. E) (P< 0·001) (Fig. 4(C)) (see online Supplementary
Table S7 for details).

At the level of energy stores (Table 2), it was evident that the
exercising groups had significantly lowerΔEst as comparedwith
the sedentary groups (P< 0·001). The differences in the accumu-
lation of energy stores were mainly attributed to lower gains in
Fatst, though LBMst gains were also lower but to a lesser extent.
Noteworthy is the result that the proportion of accumulated
energy balance coming from LBM (%LBMst) was significantly
higher in all the exercising groups (P= 0·004).

Plasma analysis

In the LP diets experiment, plasma glucose and insulin levels
were found to be similar among the groups (Table 3). Total
cholesterol concentrations was significantly lower in the exer-
cising groups (P = 0·04). Plasma TAG showed a similar trend
though failed to reach significance. Plasma P was not affected
by P content of the diet, while PUN was reduced with
increased P content of the diet (P = 0·004). No changes in
plasma PTH or FGF-23 were detected between the different
groups.

In the HP experiment, plasma glucose and insulin were sim-
ilar between the various groups (Table 4). Both plasma total cho-
lesterol (P= 0·001) and TAG (P= 0·001) were significantly
reduced in the groups who exercised regularly. Increased P con-
tent of the diet was associated with a reduction in plasma P

Fig. 2. Expt 2 – Effect of phosphorus and exercise on total energy intake (EI) ( ) (A), total energy expenditure (TEEx) ( ) (A), energy efficiency (EEf) ( ) (B), and the
accumulated energy stores (ΔEst) ( ) (B)) in the six group of rats over the 6-week experimental period. Group 0·3S: 0·3%P and sedentary; group 0·3E: 0·3%P and
exercise; group 0·6S: 0·6%P and sedentary; group 0·6E: 0·6%P and exercise; group 1·2S: 1·2%P and sedentary; group 1·2E: 1·2%P and exercise. Data are expressed
as mean values and standard deviations of all values. A multiple-way ANOVA (general linear model) was performed with time, phosphorus and exercise as factors.
Significance was set at P< 0·05.
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(P< 0·001) and an increase in PUN (P= 0·001), which was also
significantly affected by the joint P × E factors (P= 0·016). Serum
PTH and FGF-23 levels remain unchanged in response to
increasing dietary P level.

Discussion

Our data show that the relation between dietary P content and
body weight or energy stores is not linear. Highest body weight
andΔEst were at 0·3 %P and decreased with lower or higher lev-
els. EI did not follow the same pattern, it was the lowest in the 0·1
and 0·2 %P groups and the highest in the 0·6 and 1·2 % groups.
Yet, the lower body weight gain and ΔEst of the 0·1 and 0·2 %P

Fig. 3. Expt 1 – Effect of phosphorus and exercise on body weight and compo-
sition measures. Weekly body weight gain in g (A), percentage body fat (B) and
percentage lean body mass (C), of the six groups of rats over the 6-week exper-
imental period. Group 0·1S: 0·1%P and sedentary; group 0·1E: 0·1%P and
exercise; group 0·2S: 0·2%P and sedentary; group 0·2E: 0·2%P and exercise;
group 0·3S: 0·3%P and sedentary; group 0·3E: 0·3%P and exercise. Data are
expressed asmean values and standard deviations of all values. Amultiple-way
ANOVA (general linear model) was performed with time, phosphorus and exer-
cise as factors. Significance was set at P< 0·05. (A–C) , 0·1S; , 0·1E;

, 0·2S; , 0·2E; , 0·3S; , 0·3E.
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groups were the result of a combination of reduced EI as well as
EEf. While the lower body weight gain and ΔEst of the 0·6 and
1·2 % groups were attributed to an increase in TEEx that resulted
in a decrease in EEf.

In our experiments,ΔLBMst were similar between the groups
(0·1 to 1·2 %P). Hence, the change in bodyweight andΔEst were
mainly due to differences in FM, as LBM was preserved.

Our results are in line with others, as studies in animals have
shown that diets deficient in P are associated with a lower food
intake and weight gain(31). Besides, a comparable rising trend in
food intake and EEf was previously demonstrated when P was
increased gradually from very low to standard P level of 0·3 %,
which can be related to the capability of young animals to regu-
late their food intake in order to support their nutritional

Fig. 4. Expt 2 – Effect of phosphorus and exercise on body weight and compo-
sition measures. Weekly body weight gain in g (A), percentage body fat (B) and
percentage lean body mass (C), of the six groups of rats over the 6-week exper-
imental period. Group 0·3S: 0·3%P and sedentary; group 0·3E: 0·3%P and
exercise; group 0·6S: 0·6%P and sedentary; group 0·6E: 0·6%P and exercise;
group 1·2S: 1·2%P and sedentary; group 1·2E: 1·2%P and exercise. Data are
expressed asmean values and standard deviations of all values. Amultiple-way
ANOVA (general linear model) was performed with time, phosphorus and exer-
cise as factors. Significance was set at P< 0·05. (A–C) , 0·3S; , 0·3E;

, 0·6S; , 0·6E; , 1·2S; , 1·2E.
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Table 3. Expt 1 – Effect of phosphorus and exercise on blood metabolites in the six groups of rats*
(Mean values and standard deviations)

0·1S 0·1E 0·2S 0·2E 0·3S 0·3E P

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD P E P × E

Glucose (mg/dl) 156·13 20·18 141·13 18·13 150·63 10·06 145·13 22·49 159·75 22·59 153·38 21·78 0·393 0·123 0·754
Insulin (ng/ml) 1·84 0·93 1·74 1·53 2·08 0·69 1·55 0·81 3·34 2·46 1·95 0·51 0·178 0·113 0·444
TC (mg/dl) 96·38 20·91 83·13 18·19 96·3 43·5 75·88 12·91 102·40 30·7 88·38 21·11 0·609 0·044 0·916
HDL-cholesterol (mg/dl) 54·75 9·13 52·13 9·89 50·25 6·50 50·50 8·62 53·25 7·83 52·25 12·21 0·617 0·674 0·907
TAG (mg/dl) 93·30 54·30 76·40 55·40 63·25 12·49 42·75 22·15 82·4 38·2 57·30 32·30 0·082 0·072 0·956
P (mg/dl) 8·64 0·83 9·25 1·21 8·69 0·96 8·65 0·98 8·35 0·84 8·22 1·15 0·215 0·568 0·557
PUN (mmol/l) 16·88 3·09 18·13 2·95 15·50 2·33 15·38 2·39 15·25 1·67 13·75 2·05 0·004 0·861 0·298
Creatinine (μmol/l) 0·34 0·05 0·36 0·05 0·34 0·09 0·28 0·04 0·32 0·04 0·30 0·07 0·268 0·385 0·368
PTH (pg/ml) 534·7 100·2 573·5 84·4 483·5 108·7 493·1 39·2 510·7 71·8 552·1 56·1 0·075 0·204 0·826
FGF-23 (pg/ml) 16·95 3·43 8·54 4·49 11·41 3·78 12·04 8·00 13·23 5·79 11·11 6·88 0·902 0·085 0·135

E, exercise; TC, total cholesterol; PUN, plasma urea N; PTH, parathyroid hormone; FGF-23, fibroblast growth factor-23; group 0·1S: 0·1%P and sedentary; group 0·1E: 0·1%P and exercise; group 0·2S: 0·2%P and sedentary; group 0·2E:
0·2%P and exercise; group 0·3S: 0·3%P and sedentary; group 0·3E: 0·3%P and exercise.
* A two-way ANOVA was performed with P and exercise as factors. Significance was set at P< 0·05.

Table 4. Expt 2 – Effect of phosphorus and exercise on blood metabolites in the six groups of rats*
(Mean values and standard deviations)

0·3S 0·3E 0·6S 0·6E 1·2S 1·2E P

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD P E P × E

Glucose (mg/dl) 167·00 11·39 160·50 8·94 162·00 7·17 165·63 12·64 179·75 19·67 165·38 16·60 0·115 0·146 0·177
Insulin (ng/ml) 1·97 0·58 1·71 0·65 1·84 0·67 1·99 0·75 2·20 1·13 1·40 0·61 0·899 0·132 0·156
TC (mg/dl) 94·75 19·23 76·13 11·05 86·38 12·86 77·50 7·07 89·25 11·51 76·13 12·51 0·723 0·001 0·567
HDL-cholesterol (mg/dl) 49·63 13·85 52·38 5·71 58·00 6·39 53·25 5·09 57·88 6·75 51·88 8·01 0·240 0·265 0·272
TAG (mg/dl) 99·00 44·90 62·50 21·18 104·1 36·8 74·50 31·90 90·75 26·56 60·50 29·40 0·494 0·001 0·947
P (mg/dl) 8·54 0·48 8·36 0·90 7·84 1·13 6·86 0·52 6·15 0·54 6·10 0·49 <0·001 0·061 0·156
PUN (mmol/l) 14·50 1·51 15·50 0·93 16·00 2·00 14·75 1·91 15·75 1·98 18·50 2·67 0·001 0·369 0·016
Creatinine (μmol/l) 0·41 0·06 0·39 0·06 0·41 0·06 0·36 0·07 0·35 0·05 0·35 0·05 0·075 0·174 0·534
PTH (pg/ml) 505·1 72·5 482·2 99·8 460·3 47·9 495·3 67·7 446·9 39·3 503·7 56·7 0·704 0·241 0·232
FGF-23 (pg/ml) 10·70 9·15 9·89 4·03 8·55 2·53 12·93 8·97 12·47 3·08 6·99 2·61 0·899 0·726 0·095

E, exercise; TC, total cholesterol; PUN, plasma urea N; PTH, parathyroid hormone; FGF-23, fibroblast growth factor-23; group 0·3S: 0·3%P and sedentary; group 0·3E: 0·3%P and exercise; group 0·6S: 0·6%P and sedentary; group 0·6E:
0·6%P and exercise; group 1·2S: 1·2%P and sedentary; group 1·2E: 1·2%P and exercise.
* A two-way ANOVA was performed with P and exercise as factors. Significance was set at P< 0·05.
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requirements for growth and maintenance(30). However, at
higher intakes of P (>0·3 %P), food intake was shown to be
inconsistent among different studies. No difference in food
intake was noted in rats when P level spanned from 0·2 to
1·2 %(32). Whereas in humans, lower intakes were reported on
the long-run when main meals were supplemented with
375mg P(33), and on the short-term when ad libitum food intake
was reduced following a 500mg P supplement(34). In our experi-
ment, food intake continued to rise as the P level increased in the
diet. Nonetheless, the higher EI was accompanied by a signifi-
cant elevation in TEEx and a reduction in EEf which explains
the lower weight and fat gains. In agreement, rats fed a high P
diet displayed an elevated thermogenesis, whichwasmanifested
by an increase in the expression of UCP-1 in brown adipose
tissue(32). Bassil et al.(35) have also demonstrated an implication
of P in energy metabolism, altering substrate oxidation and
increasing thermogenesis in healthy individuals. In effect, P
ingestion with high carbohydrate meal elevated post-prandial
EE in both lean and obese subjects(6). Similarly, P supplementa-
tion leads to an increase in RMR and post-prandial EE in over-
weight(2) and obese women(3,4). Moreover, in both animal and
human studies, a reduction in RQ upon P supplementation indi-
cates preferential utilisation of fat for energy production resulting
in enhanced EE and reduced body weight gain and lower fat
accumulation(6,32). In support, numerous studies have shown
that P supplementation affects fat metabolism. Imi et al.(36) have
demonstrated that a high P diet (1·5 %P) results in less fat accre-
tion in rats and a reduction in white adipose tissue activity by
increasing lipolytic gene expression and decreasing lipogenic
gene expression in visceral fat tissue. Similarly, rats ingesting
1·2 %P diet for 8 weeks had lower visceral fat accumulation
and lower hepatic lipid synthesis due to altered m-RNA expres-
sion of lipogenesis-related genes(32). In addition, P supplemen-
tation for 12 weeks in obese and overweight subjects has
significantly improved body weight, BMI and waist circumfer-
ence indicating a reduction in abdominal obesity(33).

Two plasma parameters responded to dietary P levels. The
first was PUN, a marker for protein breakdown. In the LP diet
experiment, PUN decreased significantly as P intake increased
to 0·3 %P, which reflects an enhanced protein anabolism as P
intake increases from deficient to standard level. This is in accor-
dance with Raji et al.(37), who revealed that P-containing diets
were associated with a reduced PUN and an increase in body
protein %, hence implying that protein metabolism was affected
by the P level in the diet. Correspondingly, P supplementation of
low-protein diets was able to improve total body protein content
and reduce urinary nitrogen excretion and thus improved pro-
tein anabolism(30). At higher P intake, although the PUN was sig-
nificantly different, the pattern of values was inconsistent. As
ΔLBMst were found to be similar among different levels of P
intake, there is a possibility that the higher PUN observed in
the 0·6 and 1·2 %P may be attributed to both a higher protein
breakdown and subsequent protein anabolism, which may sug-
gest a higher protein turnover in these groups. Though not
directly measured in this study, we speculate that a probable
higher protein turnover, which is known to be energy expensive,
may have contributed to the elevation of TEEx observed in the
HP diets experiment.

The second plasma parameter to examine is plasma P. Our
study found that at low levels of P intake, plasma P levels were
not affected. Yet, the higher P levels in the diet resulted in lower
serum P levels and showed no difference in the phosphaturic
hormones PTH and FGF-23, knowing that an elevated serum
P generally results in an elevation of these two parameters(38).
In agreement, Kremsdorf et al.(39) have shown that a 33 %
increase in dietary P does not result in significant changes in
plasma P level and its regulatory hormones (PTH and FGF-
23). Another study has shown no difference in fasting plasma
P concentration upon ingestion of different P levels in the diet;
however, the random plasma P level was significantly higher in
the high dietary P group as compared with the control(36). This
confirms that an elevated P intake is not associated with an
elevated fasting serum P, which is in line with findings in humans
where serum P was found to be a poor indicator of dietary P
intake(40,41). Yet, dietary P can affect post-prandial P levels(6),
where P is required for metabolic processes and is involved in
the elevation of post-prandial EE(6,35).

Starting with the effect of exercise on the various parameters,
the data presented in the current study demonstrated a signifi-
cant reduction in plasma measurements of total cholesterol
and/or TAG in the exercising groups. This is consistent with
the therapeutic and preventive effects of exercise on improving
cardio-metabolic parameters(42). Structured exercise denotes
weekly prescribed or programmed exercise intervention, which
in the current study consisted of 30 min of moderate-intensity
supervised aerobic training (equivalent to 60 %VO2 max) five
times per week for 6 weeks.

Our research also demonstrates that structured exercise
results in a lower fat accumulation and maintains a higher %
LBM. In the LP diets experiment, the lower body weight was
mainly related to the reduction in EI rather than the effect of
exercise on EE. Conversely, in the HP exercising groups, the
lower body weight (including ΔEst and ΔFatst) was highly
attributed to an increase in TEEx and a decrease in EEf. The
lower fat and weight gains in the exercising groups are in line
with previous observations, where dynamic aerobic exercise
training was found to significantly reduce body weight, fat per-
centage and adiposity index(43) and adipogenesis-related mark-
ers(44). Additionally, structured physical exercise is known to
maintain or improve LBM(45).

An important finding of this research is related to the effect of
a moderate-intensity exercise routine on TEEx and energy com-
pensation either through changes in EE and/or EI. Although
there were no direct measurements of TEEx, our data show that
in the LP experiment, the increase in EE as a result of structured
exercise did not result in an overall increase in calculated TEEx as
would be expected, which was probably due to a reduction in
spontaneous activity as a means of compensation for the energy
expended during exercise. Essentially, a decrease in NEAT and
an increase in sedentary behaviour were reported following
exercise(20). Additionally, King et al.(19) have shown a reduction
in NEAT following routine exercise sessions, and as a result of
this compensation, TEEx remains unchanged in response to
physical exercise(46).

On the other hand, in the HP experiment, the energy
expended during exercise was partially compensated for by

1118 S. W. Sawaya et al.

https://doi.org/10.1017/S0007114520004985  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114520004985


an increase in EI shown in the 0·6 % and 1·2 %P exercising
groups. In line, Pinto et al.(11) have shown that exercised rats
had significant elevation in EI following exercise training.
Moreover, on average, humans compensated for around 30 %
of the exercise-induced energy deficit by increasing their
EI(15,47), as they tend to experience an increase in hunger(48),
and an elevated drive to eat(14). Nonetheless, in contrast to the
LP experiment results, the exercising groups of the HP experi-
ment demonstrated a significantly higher TEEx which may be
attributed to a higher NEAT as rats remained active post-exercise.
This implies that there was no compensation for the energy cost
of exercise through less daily activity. This is in agreement with
research reporting no reduction in NEAT in response to pre-
scribed exercise training(49) and no increase in sedentary behav-
iour following supervised aerobic exercise(48). Moreover,
Alahmadi et al.(18) have shown that walking exercise even had
a delayed effect on increasing NEAT.

Conclusion

It is the first time that the combination of P and regular E training
were studied to determine their effect on energy balance,
energy compensation and body composition. We can infer
from the above discussion that, with the ingestion of low P lev-
els, NEAT seems to be lowered, as the TEEx in exercising rats
was shown to be similar to the sedentary ones. This can mean
that the low P availability affects the way in which rats respond
to daily movement, thereby increasing their sedentary behav-
iour and reducing their spontaneous activity. On the other side,
at higher P intakes (0·6 and 1·2 %), although there was a partial
compensation evident in an elevated EI in the exercising group,
they displayed a higher TEEx. This means that the energy deficit
induced by exercise was not compensated for by reduced
NEAT or increased sedentary behaviour. Hence, an increased
P intake reduced the bodily ability to compensate for the exer-
cise-induced energy deficit. This, in turn, increased TEExwhich
further enhanced body composition measures. The cost of
elevated TEEx appears to have been derived from fat stores
and not LBM as the data showed that the 1·2 %P exercising
group had the lowest fat accretion and the best maintenance
of %LBM throughout the experimental period.

Future research can investigate the combined effect of P
and E in obese rats, or the joint effect of P and other forms
of structured exercise (resistance exercise or vigorous aerobic
exercise) on energy balance and body composition.
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