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Phosphorus Supplementation Mitigates
Perivascular Adipose Inflammation—Induced
Cardiovascular Consequences in Early
Metabolic Impairment
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BACKGROUND: The complexity of the interaction between metabolic dysfunction and cardiovascular complications has long
been recognized to extend beyond simple perturbations of blood glucose levels. Yet, structured interventions targeting the
root pathologies are not forthcoming. Growing evidence implicates the inflammatory changes occurring in perivascular adi-
pose tissue (PVAT) as early instigators of cardiovascular deterioration.

METHODS AND RESULTS: We used a nonobese prediabetic rat model with localized PVAT inflammation induced by hypercaloric
diet feeding, which dilutes inorganic phosphorus (Pi) to energy ratio by 50%, to investigate whether Pi supplementation ame-
liorates the early metabolic impairment. A 12-week Pi supplementation at concentrations equivalent to and twice as much
as that in the control diet was performed. The localized PVAT inflammation was reversed in a dose-dependent manner. The
increased expression of UCP1 (uncoupling proteint), HIF-1a (hypoxia inducible factor-1a), and IL-1B (interleukin-1(3), represent-
ing the hallmark of PVAT inflammation in this rat model, were reversed, with normalization of PVAT macrophage polarization.
Pi supplementation restored the metabolic efficiency consistent with its putative role as an UCP1 inhibitor. Alongside, para-
sympathetic autonomic and cerebrovascular dysfunction function observed in the prediabetic model was reversed, together
with the mitigation of multiple molecular and histological cardiovascular damage markers. Significantly, a Pi-deficient control
diet neither induced PVAT inflammation nor cardiovascular dysfunction, whereas Pi reinstatement in the diet after a 10-week
exposure to a hypercaloric low-Pi diet ameliorated the dysfunction.

CONCLUSIONS: Our present results propose Pi supplementation as a simple intervention to reverse PVAT inflammation and its
early cardiovascular consequences, possibly through the interference with hypercaloric-induced increase in UCP1 expression/
activity.
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rise in global incidence of metabolic disorders of mortality and morbidity attributable to cardiometa-
including obesity? and type 2 diabetes.® Such  bolic complications including ischemic heart disease,
an increase was associated with a growing health ischemic stroke, cardiac metabolic dysfunction, and

The past few decades have seen a staggering and economic burden because of the escalating risk
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CLINICAL PERSPECTIVE
What Is New?

Perivascular adipose tissue inflammation repre-
sents the initial response to metabolic challenge
and leads to cardiovascular dysfunction early in
the course of metabolic impairment.

What Are the Clinical Implications?

e Increased UCP1 (uncoupling protein 1) ex-
pression and consequent increase in oxygen
consumption might underlie the exaggerated
hypoxia in perivascular adipose tissue and
hence its increased vulnerability to inflammation
compared with other adipose depots.

* Inorganic phosphorous supplementation in-
hibits UCP1 activity and offers an innovative
approach to curb early cardiovascular deterio-
ration in metabolic disease.

Nonstandard Abbreviations and Acronyms

AIN American Institute of Nutrition
BAT brown adipose tissue
CaSR calcium sensing receptor

DMEM-LG Dulbecco’s Modified Eagle’s

Medium-low glucose

FGF23 fibroblast growth factor-23
HIF-1a hypoxia-inducible factor-1a
HR heart rate

IL-1(3 interleukin-13

Pi inorganic phosphate

PTH parathyroid hormone
PVAT perivascular adipose tissue
UCP1 uncoupling protein 1

WAT white adipose tissue

heart failure.*° At their root, these changes could be
attributed to parallel shifts in lifestyle and dietary habits
with increased consumption of refined, calorie-dense
diets rich in saturated fats and simple sugars.5’
Evidence accumulating over the past 2 decades
implicated adipose tissue inflammation in response
chronic excessive caloric intake in the development of
obesity and type 2 diabetes.? Several types of immune
cells and inflammatory cytokines contribute to the adi-
pose tissue inflammatory phenotype in this context.®1°
Significantly, a long-standing association has been de-
scribed between increased cardiovascular risk in the
early stage of metabolic dysfunction including predia-
betes and inflammatory changes,'" with the latter po-
tentially starting adipose tissue in response to insulin
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resistance and hyperinsulinemia.’? Specifically, recent
studies showed that localized inflammation in select
visceral adipose depots, mainly perivascular adipose
tissue (PVAT), epicardial, and perirenal adipose tissue,
contribute to the detrimental cardiovascular alterations
early in the course of metabolic disease in the absence
of disseminated adipose inflammation or gross meta-
bolic dysfunction.!3-18

In this regard, our laboratory has shown that PVAT
demonstrated a higher sensitivity to inflammatory
changes triggered by a mild hypercaloric challenge
compared with other visceral adipose depots.'®'* This
was explained based on the unique nature of PVAT
harboring the properties of both white and brown adi-
pose tissue (WAT and BAT, respectively).'®?° Whereas
adipocytes in PVAT, like those in WAT, undergo hy-
pertrophy in response to increased caloric intake, an
increased expression of the BAT marker, UCP1 (un-
coupling protein 1), is only seen in PVAT under such
circumstances. In BAT, UCP1 increases mitochon-
drial energy dissipation as heat during nonshivering
thermogenesis, and its expression level is associated
with increased oxygen consumption.?™2® The lo-
calized concurrence of these events renders PVAT
more vulnerable to hypoxia, and thus inflammatory
changes. Multiple lines of evidence suggested that re-
ducing PVAT inflammation led to improving cardiovas-
cular impairment associated with metabolic disease.
Various interventions were put forward comprising
nonpharmacological approaches such as calorie re-
strictions and intermittent fasting,?* as well as phar-
macological tools ranging from antidiabetic drugs with
anti-inflammatory properties to statins and mineralo-
corticoid receptor antagonists.'*"” However, no tailored
interventions have been forthcoming. Nevertheless,
increased UCP1 expression was consistently shown
to occur in PVAT and perirenal adipose in a nonobese
prediabetic rat model in conjunction with inflammation
and cardiovascular dysfunction,'*'® raising the pos-
sibility of targeting UCP1 as a potential selective ap-
proach to reduce the negative consequences of PVAT
inflammation.

Of great relevance, recent in vitro investigation
identified inorganic phosphorus (Pi) as an inhibi-
tor of UCP1.2% Importantly, the shift to refined diets
is almost always associated with a reduction in mi-
cronutrient intake encompassing minerals including
Pi.?6 Moreover, low serum Pi levels are known to be
associated with metabolic syndrome and increased
risk of cardiovascular disease.?” Previous studies
from our laboratory showed that Pi supplementation
in humans ameliorated the biochemical parameters
associated with increased risk of metabolic syn-
drome and cardiovascular disease, such as post-
prandial lipemia,?® postprandial blood glucose, and
insulin concentration, as well as insulin sensitivity,?® in



Dwaib et al

addition to improvement of energy metabolism in pa-
tients who are obese and overweight.®® However, in-
creased dietary intake of Pi was also implicated in the
development of cardiovascular disorders,®' possibly
in a biphasic relationship whereby both low and high
serum Pi levels are associated with increased cardio-
vascular risk.?” Nevertheless, hypercaloric diets used
in our previous studies to induce early PVAT inflam-
mation diluted Pi to energy ratio by =50%. As such,
we hypothesize that Pi supplementation of Western
diets will likely reduce the early cardiovascular con-
sequences of hypercaloric intake potentially by atten-
uating UCP1-triggered PVAT hypoxia and improving
the metabolic profile. In the present study, we used a
nonobese prediabetic rat model with localized PVAT
inflammation to test this hypothesis. Not only did Pi
supplementation ameliorate PVAT inflammation, it
also improved the cardiac autonomic and cerebro-
vascular dysfunction associated with this metaboli-
cally impaired phenotype.

METHODS

Experimental Animals
All animal experiments were conducted in accordance
with an experimental protocol approved by our institu-
tional Animal Care and Use Committee in complying
with the National Institutes of Health’'s Guide for the
Care and Use of Laboratory Animals, 8th Edition.*?
Five-week-old male Sprague-Dawley rats weighing
180 to 200 g were divided into 4 groups (6 animals
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each) according to the diet they were kept on. Group
1 received a control diet (normal chow: 0.75) offering
3.8 kcal/g with 0.75 mg free phosphorus per kilocalo-
rie. The control diet composition (American Institute of
Nutrition [AIN]-93 G, Table) and Pi content were based
on the AIN’s recommendation for adult rat mainte-
nance diets.®® Group 2 was fed a mild hypercaloric
diet offering 4.5 kcal/g with 0.375 mg free phosphorus
per kilocalorie (hypercaloric: 0.375). The hypercaloric
diet composition was based on our previous studies
showing that a 12-week feeding of an hypercaloric diet,
offering =39% calories from fat with a 5% saturated
fat content by weight, led to a nonobese prediabetic
phenotype.'8'418:3435 A |oss of 50% of the Pi content
was assumed in the previous studies because of nutri-
ent displacement during preparation. The 2 additional
groups were fed a hypercaloric diet with phospho-
rus content of 0.75 (Group 3; hypercaloric: 0.75) and
1.5 mg/kcal (Group 4; hypercaloric: 1.5), which are
equal to and twice as much as the AIN-recommended
content. Diets were prepared in house using Pi-free
purified diet mix. Different amounts of potassium
phosphate were added to each diet to reach the de-
sired phosphorus levels. Diet ingredients including
casein, L-methionine, cellulose, mineral mix (AIN-93G
MX), Pi-free mineral mix (AIN-93G phosphorus free),
vitamin mix (AIN-93VX), and potassium phosphate
monobasic were obtained from Dyets (Bethlehem,
PA). Detailed diet composition is shown in the Table.
Animals were fed for a total of 12 weeks. Two additional
groups (6 animals each) were included. The first re-
ceived a hypercaloric diet with 0.375 mg phosphorus/

Table Rat Diet Composition
NC, AIN-93G, 0.75 Hypercaloric, 0.37 Hypercaloric, 0.75 Hypercaloric, 1.5

Ingredients mg/kcal mg/kcal mg/kcal mg/kcal
Casein 200 200 200 200
Phosphate from casein 1.52 1.62 1.52 1.52
L-methionine 3 3 3 3
Starch, 3.75 kcal/g 400 1551 1477 138.3
Sucrose, 3.9 kcal/g 232 150.8 150.8 150.8
Fructose, 3.68 kcal/g 0 200 200 200
Oil, 8.84 kcal/g 70 45.5 45.5 455
Hydrogenated vegetable oil, 0 150 150 150
8.84 kcal/g
Cellulose, 4 kcal/g 50 50 50 50
Mineral mix 35
Phosphate-free mineral mix 35 35 35
Vitamin mix 10 10 10 10
Potassium phosphate monobasic 0 0.6 8 22.4
Total weight, g 1000 1000 1000 1000
Total E keal/g 3.8 kcal/g 4.5 keal/g 4.5 keal/g 4.5 keal/g
E from fat, % 16% 39% 39% 39%

AIN indicates American Institute of Nutrition; NC, normal chow; and E, Energy.
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kcal for 10 weeks and then given a hypercaloric diet
with 1.5 mg phosphorus/kcal (Group 5; hypercaloric:
+1.5). The second group received a control diet with
low phosphorus content (0.375 mg/kcal) for 12 weeks
(Group 6; normal chow: 0.375).

The main changes in calorie content between nor-
mal chow and hypercaloric diets are brought about by
the addition of the hydrogenated vegetable oil simu-
lating typical Western diets rich in refined sugars and
saturated fat. Fructose is particularly enriched in pre-
pared foods, corn syrup additives, and carbonated
beverages.®®3” The high fat, high fructose model was
selected because it is widely used in research involving
vascular and metabolic dysfunction.¥-45 Moreover, the
high-fat, high-fructose diet was shown to culminate in
a robust type 2 diabetes model in rats after prolonged
feeding.*® The fat content and feeding duration were
modified to allow for a nonobese prediabetic pheno-
type at 12 weeks, which degenerated into decompen-
sated hyperglycemia after 24 weeks of feeding.!* In our
hands, hyperinsulinemia, dyslipidemia, and localized
adipose tissue inflammation (perivascular and perire-
nal) were consistent observations in the rat model re-
ceiving this diet.'*83546 The modification of the added
amounts of starch, sucrose, and oil were necessary
to maintain consistency as the amount of other semi-
solids and powders changed, as well as achieve the
desired calorie density.

Littermates were ordered in batches of 6, 1 rat
per treatment group. Upon receipt, rats were caged
individually by the animal facility technicians in cages
given preassigned numbers randomly correspond-
ing to the 6 treatment groups (each consisting of 6
rats). Animals were kept at a controlled temperature
and humidity and a 12-hour light/dark cycle. Daily
food intake was recorded, and calorie intake was
calculated. Animals were weighed regularly, and
body composition was determined using an LF10
Minispec nuclear magnetic resonance machine
(Bruker, Billerica, MA). Different tissue densities were
detected to measure the fat:lean ratio. The values
obtained from each rat were compared with a stan-
dardized calibrated rat.

Echocardiography and Noninvasive
Hemodynamics

Following the intended feeding duration, systolic blood
pressure was measured noninvasively by tail cuff using
a CODA high-throughput monitor (Kent Scientific,
Torrington, CT).4” Any irregular or unacceptable re-
cording noted as a false recording by the system was
excluded. Additionally, echocardiography along the
parasternal long axis M and B modes was done to as-
sess heart structure and function using SonixTouch Q+
ultrasound (BK Ultrasound, Peabody, MA).
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Serum Collection and Analysis

Blood samples (0.5 mL) were collected from all rats by
tail vein puncture before being euthanized. Rats were
fasted in metabolic cages with free access to drink-
ing water for 12 hours before sample collection. Blood
glucose measurement was done using Accu-Chek
Performa glucometer (Roche Diagnostics, Rotkreuz,
Switzerland). Blood urea nitrogen, serum phosphorus,
serum creatinine, serum calcium, serum magnesium,
and serum triglycerides were measured using the Vitros
350 analyzer (Ortho Clinical Diagnostics, Johnson &
Johnson, Buckinghamshire, UK). Rat serum levels of
adiponectin, leptin, and insulin were measured using
ELISA kits according to the manufacturer’s protocol
(Thermo Fisher Scientific, Waltham, MA).

Tissue Collection, Invasive
Hemodynamics, and Pressure Myography
Experiments

At the end of 12 weeks of feeding, anesthetized rats
were instrumented with catheters inserted in the carotid
artery and the jugular vein for invasive hemodynamic
assessment as described previously.3® Briefly, mean
arterial pressure (MAP) and heart rate (HR) were meas-
ured through the carotid artery catheter connected to a
Millar pressure transducer to measure. Data acquisition
was performed by Powerlab (AD Instruments, Dunedin,
New Zealand) and recorded using LabChart Pro 8 (AD
Instruments) software. After a 45-minute stabilization
period, baroreceptor sensitivity was assessed by the
vasoactive method as previously described.*® Increasing
doses of phenylephrine (0.25, 0.5, 0.75, 1, 2 ug) and so-
dium nitroprusside (0.5, 1, 2, 4, 8 ug) were injected into
the jugular vein at 5-minute intervals, which were enough
for MAP and HR to return to baseline values. Peak
changes in MAP (AMAP) and HR (AHR) were recorded.
AHR was plotted as a function of AMAP in each treat-
ment group, and the mean slope of the linear regres-
sion of AHR versus AMAP together with its confidence
interval and SEM were calculated using GraphPad Prism
software to represent baroreflex sensitivity and com-
pared among groups. The maximal rate of the rise of
ventricular pressure, indicative of left ventricular function,
was extracted from the LabChart recording.

After the experiment, anesthetized rats were eu-
thanized by decapitation and exsanguination. The
thoracic cavity was exposed for organ and tissue col-
lection. Brainstem and PVAT (surrounding the thoracic
aorta extending from the aortic arch to the diaphragm)
were dissected, frozen in liquid nitrogen, and stored
at =80 °C. Midsections of heart ventricles, thoracic
aortic rings, as well as renal cortices were collected.
Moreover, infrascapular and epididymal fat pads were
dissected as examples of bona fide BAT*** and vis-
ceral WAT,%' respectively. To cover all the functional
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and molecular experiments planned, rats in every
group were alternated whereby heart and aortic tis-
sues from 1 rat would be fixed in 4% formaldehyde,
whereas those from the next would be frozen in liquid
nitrogen and stored at —80 °C for histopathology and
Western blotting experiments, respectively.

Pressure myography experiments on middle ce-
rebral arterioles were performed as described pre-
viously.>? The intravascular pressure was gradually
raised in a series of steps to 10, 20, 40, 60, 80, 100,
120, and 140 mm Hg. The outer diameter of the vessel
was measured at each pressure point. The pressure
was then dropped back to 10 mm Hg, and the vessel
was washed and kept in a calcium-free buffer contain-
ing NaCl 130 mmol/L, KCI 4 mmol/L, MgS04.7H20
1.2 mmol/L, NaHCOS3 4 mmol/L, HEPES 10 mmol/L,
KH2PO4 118 mmol/L, glucose 6 mmol/L, EDTA
0.08 mmol/L, and EGTA 2 mmol/L, pH 7.4, and the
ramp was repeated. Active tone was calculated as the
difference in the outer diameter of the middle cerebral
artery when in calcium-containing and calcium-free
buffer at the respective pressure points.

Determination of PVAT Macrophage
Polarization by Fluorescence-Activated
Cell Sorting

Stromal vascular cells were isolated from freshly
dissected PVAT as described previously.>® CD45/
CD68/CD86 staining was used to identify M1 po-
larized macrophages, whereas M2 macrophages
were identified by CD45/CD68/CD163 staining.5*
An aliquot of the stromal fraction containing 108
cells was incubated in fluorescence-activated cell
sorting buffer with 4,6-diamidino-2-phenylindole
(1:100), 1:50 APC-Cy780-conjugated anti-CD45, 1:10
phenylephrine-conjugated anti-CD68, 1:125 fluores-
cein isothiocyanate—conjugated anti-CD86 (Thermo
Fisher Scientific), and 1:200 APC647-conjugated anti-
CD163 (Bioss Antibodies, Woburn, MA) on ice for
30 minutes in the dark. Cells were gently washed 3
times and resuspended in fluorescence-activated cell
sorting buffer. Stained cells were counted using a BD
FACSAria Cell Sorter (BD Biosciences, San Jose, CA),
and the M1 to M2 Macrophage ratio (M1/M2) was
determined. Antibody-beads mixtures, fluorophore-
conjugated isotypes, and unstained cells were used to
set compensation and gating.

Immunohistochemistry and
Histopathology

Serial sectioning and staining of formalin-fixed heart
midsection, brainstem, aortic segments, renal corti-
ces, PVAT, epididymal, and infrascapular adipose were
performed simultaneously for accurate comparison as
previously described.'® Hematoxylin and eosin staining
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was used for gross examination of cardiac and aor-
tic tissue structure and to compare adipocyte size in
different adipose depots across treatments. Medial
thickness was measured in aortic sections, whereas
interfibrillar edema, as indicated by myocardial fiber
separation in the papillary muscle, was considered in-
dicative of possible focal ischemic injury.® Masson’s
trichrome staining was used to assess connective tis-
sue fiber deposition in the heart and aorta. Renal cor-
tical sections were stained with periodic acid Schiff
stain for the examination of glomerular and mesan-
gial matrix area alterations as previously described.'®
Mesangial matrix index was calculated as the ratio of
the mesangial area to the glomerular area. To evaluate
calcium deposition in rat kidneys, the Von Kossa stain
was used as previously described.%® Dihydroethidium
staining was performed on cryosections to demon-
strate reactive oxygen species load. Fluorescent im-
ages were obtained through an Alexa Fluor 568 filter
for the dihydroethidium red fluorescence. In vascular
tissue, the red fluorescence was measured against the
green collagen autofluorescence obtained through the
Alexa Fluor 488 filter. Immunohistochemical detection
of CD68 in the heart and the ionized calcium-binding
adaptor molecule 1 (IBA-1) in the brainstem was per-
formed using 1:100 and 1:1000 concentrations of rabbit
anti-CD68 and rabbit anti-IBA-1, respectively (Abcam,
Cambridge, UK), and visualized using the Novolink
Polymer Detection Kit (Leica Biosystems, Buffalo
Grove, IL) according to the manufacturer’s protocol.
Control experiments were performed by omitting pri-
mary antibodies and using rabbit IgG (immunoglobulin
@) controls. Images were taken using an Olympus CX41
light microscope (Olympus, Tokyo, Japan). In each rep-
resentative slide, dihydroethidium fluorescence or tri-
chrome staining was semiautomatically quantified in 20
fields and expressed as a percentage of staining of total
surface area, and the results from all fields were aver-
aged. Hematoxylin and eosin was used to assess adi-
pocyte size and papillary edema measured by ImageJ
(National Institutes of Health, Bethesda, MD). At least
10 adipocytes were measured from 5 random areas in
the slide in question, and total interfibrillar space was
calculated from heart sections. Quantification was per-
formed by a blinded assessor via isolation and quanti-
fication of the staining intensity using ImagedJ software
and normalization to the tissue area in each slide.

Cell Culture

The induction of adipogenic differentiation of human
bone marrow-derived mesenchymal stem cells was
done as previously described with slight modifica-
tion.%” Briefly, bone marrow—derived mesenchymal
stem cells were seeded in 6-well plates at a density of
50 000 cells per well in Dulbecco’s Modified Eagle’s
Medium-low glucose (DMEM-LG) containing 10% fetal
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bovine serum and 1% penicillin/streptomycin and were
allowed to reach 80% to 90% confluency before the in-
duction of adipogenic differentiation. Cells were washed
twice with PBS, and media was then replaced with
adipogenic induction medium containing 0.1 mmol/L
3-isobutyl-1-methylxanthine, 1 pmol/L dexamethasone,
2 pumol/L pioglitazone, and 40 mIU/L insulin for 10 days.
Adipogenic differentiation was followed visually under
the microscope through the formation of intracellular
lipid droplets. Adipogenic induction medium was then
replaced with maintenance media containing 40 mIiU/L
insulin and 2 pmol/L pioglitazone for 5 days. Following
adipogenic differentiation, adipocytes were incubated
with either DMEM-LG (1 mmol/L Pi) or phosphate-
supplemented DMEM-LG (4 mmol/L Pi) for 24 hours.
The 4-fold increase was meant to simulate the in-
crease of Piintake in a hypercaloric diet from 0.375 mg/
kcal to 1.5 mg/kcal used in the in vivo experiment.
Thereafter, cells were either incubated with DMEM-LG
or DMEM-LG containing 1.6 mmol/L palmitic acid and
40 mlIU/L insulin for 24 hours in the continued presence
of 4 mmol/L Pi added as monobasic sodium phos-
phate, with the final medium pH adjusted to 7.4. At this
stage, adipocytes were cocultured with THP-1 human
leukemic monocytes (primarily cultured in Roswell Park
Memorial Institute (RPMI) medium containing 10% fetal
bovine serum and 1% penicillin/streptomycin) at a den-
sity of 50 000 cells per well for an extra 24 hours, follow-
ing which cells were lysed, and protein was extracted
as described below. In other experiments, cells were
trypsinized, stained with anti-CD45 and anti-CD86, and
subjected to fluorescence-activated cell sorting as de-
scribed above. For the THP-1 adhesion assay, adipo-
cytes were seeded into a 96-well plate at a concentration
of 5000 cells per well and were left to attach for 24 hours
and then exposed to either normal medium or the me-
dium containing 1.6 mmol/L palmitic acid and 40 mIU/L
insulin. THP-1 cells labeled with Hoescht molecular
probes stain (Nuc Blue; Sigma) were added at a density
of 20 000 cells per well into each well. After 30 minutes
incubation time at 37 °C, the THP-1—- containing medium
was aspirated and the wells washed twice with PBS 1X
(Sigma). Images of the adherent cells were later taken
using a Zeiss Axio microscope at the same excitation/
emission spectra for monocytes, and superimposed on
brightfield images to visualize the nonlabeled cells.

Western Blotting

Experiments were performed as described previ-
ously.52%8 PVAT, epididymal, and infrascapular adipose
tissue samples were homogenized onice, and the protein
extracts were separated by SDS-PAGE. Proteins were
then blotted to nitrocellulose membranes and were incu-
bated in primary antibodies (1:500 for rabbit polyclonal
anti-IL-1B3 [interleukin-1[3], 1:1000 for rabbit monoclonal
anti-GAPDH, rabbit polyclonal anti-HIF-1a [anti-hypoxia
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inducible factor-1d] [Abcam], and rabbit polyclonal anti-
UCP1 [Cell Signaling, Danvers, MA]) overnight at 4 °C.
Membranes were then washed with 0.02% Tris-buffered
saline with 0.1% Tween 20, and incubated for 1 hour at
room temperature in 1:40 000 biotinylated conjugated
goat anti-rabbit immunoglobulin. Membranes were then
washed and incubated for 30 minutes at room tempera-
ture with 1:200 000 horseradish peroxidase—conjugated
streptavidin (Abcam). After 2 washes with 0.02% Tris-
buffered saline with 0.1% Tween 20 (5 minutes) and 2
washes with Tris-buffered saline (5 minutes), the blots
were exposed to Clarity Western enhanced chemilumi-
nescence substrate (BioRad, Hercules, CA) for 5 min-
utes and then detected by the Chemidoc imaging system
(BioRad). Densitometric analysis of the protein bands
was performed using Imaged software. Measurements
were normalized to the density of GAPDH.

All chemicals were obtained from Sigma (St. Louis,
MO) unless otherwise indicated.

Statistical Analysis

Data were expressed as mean+SEM. Comparisons
among groups were done using 1-way or 2-way
ANOVA followed by the appropriate post hoc test as
indicated in the corresponding section in the Results or
the figure legends. Whenever repeated measurements
were made from the same animal (at different dosing
or pressure levels), a repeated measures analysis (in
the dosing or pressure factor) was used (Figures 3,
6, and 8). Linear regression was used to evaluate ba-
roreflex sensitivity. GraphPad Prism version 7 software
was used for statistical analysis. A P value <0.05 was
considered statistically significant. Statistical analy-
sis was done once comparing data from all groups.
However, for ease of presentation of results, the figures
were broken down to facilitate the depiction of the ef-
fect of different treatment groups. In this arrangement,
normal chow and hypercaloric (0.375 mg/kcal phos-
phorus) data appear in multiple figures, yet statistical
tests were only conducted once.

Availability of Data and Materials
All data generated or analyzed during this study are
included in this published article.

RESULTS

Metabolic and Gross Hemodynamic
Impact of Hypercaloric Feeding With
Different Levels of Phosphorus

The metabolic and gross hemodynamic profile of rats
fed a hypercaloric diet with low Pi has been charac-
terized in our previous work.'*'83% The present study
showed similar results with an increased cumulative
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calorie intake that is equivalent to the previously ob-
served daily increase of =14 kcal (Figures S1A). This
occurred in the absence of increased body weight or
fasting blood glucose level (Figures S1B and S1C). As for
noninvasive hemodynamic measurements, no changes
in systolic blood pressure and ejection fraction were de-
tected (Figures S1G and S1H). As previously observed,
hypercaloric-fed rats demonstrated an increased adi-
posity as indicated by an elevated fat:lean ratio, which
was not affected by different levels of Pi supplemen-
tation (Figure S1D). On the other hand, the character-
istic increase in serum triglycerides that appeared in
this model of early metabolic challenge was reversed
by Pi supplementation at both 0.75 and 1.5 mg/kcal
(Figure S1E). Moreover, although the 0.75 mg/kcal sup-
plementation level did not affect the elevated serum
insulin levels in hypercaloric-fed rats, supplementation
at 1.5 mg/kcal appeared to be associated with fasting
serum insulin levels that were not different from those
in control rats (Figure S1F). Interestingly, despite the ob-
served increase in adiposity, serum concentrations of
leptin and adiponectin did not appear to vary in different
rat groups (Figures S1H and S1l). Significantly, despite
a trend to increase, serum Pi levels in rats receiving the
hypercaloric diet deficient in Pi was not different from
that in rats receiving the control diet or the hyperca-
loric diet with the intermediate Pi dose of 0.75 mg/kcal
(Figure S2A). Importantly though, rats receiving the
hypercaloric diet supplemented by 1.5 mg/kcal Pi had
serum levels that were significantly less compared with
those with a Pi-deficient diet. Moreover, the different rat
groups showed similar serum concentrations of calcium
(Figure S2B) and magnesium (Figure S2C). Interestingly,
the general trends observed after the 12-week feeding
period were preserved, albeit with lesser differences at
the earlier time point of 8 weeks (Figure S3), indicating a
consistent trajectory over the feeding period.

Impact of Phosphorus Supplementation
on Markers of Adipose Tissue
Inflammation in Hypercaloric-Fed Rats
and In Vitro in Cultured Adipocytes

Our previous studies showed that hypercaloric feed-
ing was associated with increased UCP1 expression
in PVAT but not in other adipose depots, which was
accompanied by increased markers of hypoxia and
inflammation.* Similar findings were obtained in the
present study, whereby an hypercaloric: 0.375 Pi diet
was found to induce an increased UCP1 expression
with parallel increases in HIF-1a and IL-13 (Figure 1A).
Pi supplementation led to a dose-dependent decrease
in UCP1 PVAT expression. Parallel reduction in HIF-1a
and IL-13 expression was seen particularly with the
1.5 mg/kcal Pi dose (Figure 1A). Interestingly, although
PVAT adipocyte size increased upon hypercaloric
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feeding, Pi supplementation led to a reversal of this
effect (Figure 1B). Upon examination of the impact of
dietary changes on bona fide WAT and BAT, UCP1
expression was not detected and did not change in
epididymal and infrascapular adipose tissue, respec-
tively (Figure 1C and 1E). In parallel, HIF-1a expression
did not change in either tissue with any of the diets,
whereas no IL-13 expression was seen (Figure 1C and
1E). Nevertheless, an increase adipocyte size was ob-
served in both WAT and BAT representative tissues
from rats fed a hypercaloric: 0.375 Pi diet. This change
was reversed with Pi supplementation, particularly at
the 1.5 mg/kcal dose (Figure 1D and 1F).

In an attempt to establish a direct effect of Pi on PVAT
changes, we have developed an in vitro cell culture
model to simulate the inflammatory changes occurring
upon exposure to increased calorie intake and hyperin-
sulinemia. Adipocytes differentiated from human bone
marrow-derived mesenchymal stem cells showed lipid
droplet accumulation and UCP1 expression (Figure S4A
and S4B). Differentiated adipocytes stressed by ex-
posure to 40 mIU/L and 1.6 mmol/L palmitic acid ap-
peared to develop a phenotype that favors inflammation
demonstrated by increased THP-1 monocyte adhesion
compared with adipocytes incubated in control media
(Figure S4C). The adherent monocytes developed
macrophage markers indicative of initiation of inflam-
matory response (Figure S4D). Interestingly, HIF-1a and
IL-1B3 expression levels increased in the stressed adipo-
cytes exposed to THP-1 monocytes as observed in the
PVAT of prediabetic rats receiving hypercaloric: 0.375
(Figure 1G). Significantly, when this experiment was re-
peated in 4 mmol/L Pi, the increase in the expression of
both HIF-1a and IL-1(3 was attenuated.

Phosphorus Supplementation Ameliorates
Hypercaloric-Induced Alteration of PVAT
Macrophage Polarization

Resident macrophages contribute to adipose tissue
homeostasis by adopting a wide range of activation
phenotypes within the M1/M2 model of polarization.
Although M2 polarization is prevalent in a healthy
adipose tissue, obesity and adipose expansion tend
to alter the macrophages toward the M1 polariza-
tion concomitant with adipose tissue inflammation.®°
In line with the inflammatory changes, flow cytomet-
ric examination of the stromal vascular cell fraction of
PVAT for macrophage markers showed that the ratio
of CD45+/CD68+/CD86+ cells corresponding to M1
polarized macrophages to the CD45+/CD68+/CD163+
corresponding to M2 cells increased in animals re-
ceiving a low-Pi hypercaloric diet (Figure 2A and 2B).
Importantly, parallel decreases in M1/M2 cell ratio were
seen in PVAT from rats fed a hypercaloric diet with 0.75
and 1.5 mg/kcal Pi (Figure 2C and 2D). Results of the
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Figure 1. Manifestations of perivascular adipose tissue (PVAT) inflammation in hypercaloric (HC)-fed rats compared with

changes in a visceral white adipose tissue (WAT) and brown adipose tissue (BAT) pools and the ameliorative effect of

inorganic phosphate (Pi) supplementation.

A, C, and E, Representative Western blotting (top left) and summary of the quantified data (top right and bottom) showing the
expression levels of UCP1 (uncoupling protein 1), HIF-1a (hypoxia-inducible factor-1a), and IL-13 (interleukin-13) in PVAT, epididymal
WAT, and infrascapular BAT, respectively, of normal chow (NC)- (Group 1) and HC-fed rats with different concentrations of phosphorus
(P) supplementation (Groups 2, 3, and 4). B, D, and F, Representative micrographs (top) and summary of the quantified data (bottom)
showing the adipocyte size in hematoxylin and eosin-stained PVAT epididymal WAT and infrascapular BAT sections, respectively.
Scale bars are 25 um. G, Representative Western blotting (left) and summary of the quantified data (right) showing the expression
levels HIF-1a and IL-1(3 in cultured adipocytes differentiated from mesenchymal stem cells at 1 and 4 mmol/L P in culture media with
or without insulin (Ins) and palmitic acid (PA) challenge. The blots shown are representatives of experiments on tissues from 3 different
sets of rats, whereas summary data for micrographs are obtained from 9 sections from 3 different rats per group. Results shown are
mean+SEM. Statistical significance was tested by 1-way ANOVA followed by Tukey multiple comparisons test for A through F, and 2-
way ANOVA followed by Sidak post hoc test for G. “Denotes a P value <0.05 vs NC-fed rat values. BAT indicates brown adipose tissue;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HC, hypercaloric chow; HIF-1a, hypoxia inducible factor-1a; IL-13, interleukin 13; NC,
normal chow; PVAT, perivascular adipose tissue; UCP1, uncoupling protein 1; and WAT, white adipose tissue.

fluorescence-activated cell sorting experiments are
summarized in Figure 2E.

Impact of Dietary Phosphorus on
Metabolic Efficiency and Protein
Metabolism

Metabolic efficiency (weight gained in grams per kilo-
calorie of energy intake) was assessed for every rat in

the different diet groups as a measure of energy stored
somatically versus that dissipated by mitochondrial un-
coupling.f? As could be inferred from the increased en-
ergy intake without an equivalent rise in body weight,
energy efficiency decreased in rats receiving a hyperca-
loric: 0.375 Pi diet (Figure S5A). Consistent with the pu-
tative UCP1 inhibitory effect, energy efficiency increased
in rats receiving a Pi-supplemented hypercaloric diet

J Am Heart Assoc. 2021;10:e023227. DOI: 10.1161/JAHA.121.023227 8
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Figure 2. Phosphorus supplementation restores perivascular adipose tissue (PVAT) macrophage polarization in rats fed a

hypercaloric (HC) diet.

A through D, Representative fluorescence-activated cell sorting scattergrams showing PVAT leukocytes expressing M1 vs M2
polarized macrophages using polarization markers in rats fed normal chow (NC; Group 1) or an HC diet with different inorganic
phosphorus (P) concentrations (Groups 2, 3, and 4). E, Summary of the ratio of M1/M2 PVAT macrophages from 4 different animals per
group. Results shown are mean+SEM. Statistical significance was tested by 1-way ANOVA followed by Tukey multiple comparisons
test. *Denotes a P value <0.05 vs NC-fed rat values. HC indicates hypercaloric chow; M1/M2, M1 to M2 macrophage ratio; NC, normal

chow; and PVAT, perivascular adipose tissue.

(Figure S5A). Interestingly, this reduced energy effi-
ciency did not appear to be associated with increased
protein metabolism, because blood urea nitrogen did
not change among control and hypercaloric-fed rat
groups at different Pi levels (Figure S5B).

Phosphorus Supplementation Reverses
Cardiac Autonomic Neuropathy in
Hypercaloric-Fed Rats

PVAT inflammation in the nonobese prediabetic state
induced by 12-week hypercaloric-diet feeding was
consistently shown to be associated with parasympa-
thetic cardiac autonomic neuropathy manifesting as
a blunting of the bradycardic baroreflex in response
to vasopressors.'®3® This was the case in rats fed a
low-Pi hypercaloric diet. An increased pressor effect
was observed in these rats in response to increasing
phenylephrine doses compared with rats on the con-
trol diet (Figure 3A and 3B), which is in line with the re-
ported increased vascular contractility at this stage.™
This was accompanied with an attenuation of the

J Am Heart Assoc. 2021;10:e023227. DOI: 10.1161/JAHA.121.023227

bradycardic response (Figure 3C). Significantly, both
effects were ameliorated in rats fed a hypercaloric
diet supplemented with 1.5 mg/kcal Pi. Restoration of
parasympathetic autonomic function was confirmed
by examination of the baroreceptor sensitivity in re-
sponse to phenylephrine (Figure 3D). Whereas the
slope of the AHR versus AMAP line was blunted in the
low-Pi hypercaloric-fed group, an increased sensitiv-
ity was observed in the 1.5 mg/kcal supplemented
hypercaloric group (Figure 3E). As observed previ-
ously, no change in the sympathetic arm of the ba-
roreflex was observed following hypercaloric feeding
or after Pi supplementation (data not shown).

Phosphorus Supplementation Alleviates
Signs of Cardiovascular Deterioration
Histochemical examination of heart midsection from
low-Pi hypercaloric-fed rats showed signs of focal
injury demonstrated by an elevated papillary muscle
edema, as well as increased fibrosis, macrophage
infiltration, and oxidative stress (Figure 4A through
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Figure 3. Phosphorus supplementation of hypercaloric (HC) diet restores parasympathetic cardiac autonomic function.
A, Representative tracings of pressor (mean arterial pressure [MAP]) and cardiac (heart rate [HR]) responses to increasing phenylephrine
(PE) doses in normal chow (NC)- (Group 1) and HC-fed rats with different concentrations of phosphorus (P) supplementation (Groups 2,
3, and 4). Vertical scale bars represent MAP (60 mm Hg) and HR (40 bpm), whereas horizontal scale bars represent time (60 seconds).
B, The pressor responses to increasing doses of PE. C, Reflex bradycardic responses to increasing blood pressure. D, Best fit
regression line for the correlation between AMAP and reflex changes in HR in response to increasing doses of PE in NC- and HC-
fed rats with different concentrations of P supplementation. E, Slope of the linear regression of the relationship between AHR and
AMAP reflecting parasympathetic baroreceptor sensitivity (BRS). Depicted data represent mean+SEM of values obtained from 6 rats
per group. Statistical analysis was done by 2-way ANOVA with repeated measures in the dose factor, followed by Sidak’s multiple
comparisons test for (B) and (C), and 1-way ANOVA followed by Tukey multiple comparisons test for (E). * and # denote P<0.05 vs NC
and HC: 0.375 mg/kcal P, respectively. BRS indicates baroreceptor sensitivity; HC, hypercaloric chow; HR, heart rate; MAP, mean
arterial pressure; NC, normal chow; and PE, phenylephrine.

4F). Pi supplementation appeared to have reversed 1.5 mg/kcal dose, was able to reverse these changes.
these changes in a dose-dependent manner, with the Representative micrographs are shown in Figure 5A
1.5 mg/kcal dose being consistently effective. In par- and summary data in Figure 5B through 5D.

allel, the low-Pi hypercaloric-induced impairment of

ventricular function shown as a decreased rate of the Phosphorus Supplementation

rise of ventricular pressure was mitigated in rats fed a Ameliorates Hypercaloric Diet-Induced

Pi-supplemented hypercaloric diet (Figure 4F). .
On the other hand, similar changes were observed for Cerebrovascula_r Dysfunction and the
aortic tissue. Although a low-Pi hypercaloric feeding ~ Associated Brainstem Changes
led to increased aortic medial thickness, fibrosis, and ~ Consistent with our previous results,* hypercaloric
oxidative stress, Pi supplementation, particularly the  feeding was associated with increased cerebrovascular
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Figure 4. Impact of inorganic phosphorus (P) supplementation on histopathological and molecular signs of cardiac
impairment induced by hypercaloric (HC) feeding.

A, Representative micrographs of histopathological, immunohistochemical, and dihydroethidium (DHE) staining in heart midsection of
normal chow (NC)- (Group 1) and HC-fed rats with different concentrations of P supplementation (Groups 2, 3, and 4). Data presented
are serial sections taken from the same tissues and are representative of 9 sections from 3 different rats in each group. Scale bars
are (top to bottom): 25, 25, 50, and 50 pm. Fibrotic staining appears as a blue color on a red background, CD68 staining appears as a
brown color on a background of hematoxylin and eosin counter stain, whereas DHE staining appears as red fluorescence on a black
background. Quantification values of area of interfibrillar edema (B), as well as the intensity of Masson trichrome (C), CD68 (D), and
DHE (E) staining normalized to ventricular tissue area. F, Cardiac contractility assessed by maximal rate of rise of ventricular pressure
(dP/dt,,,). Statistical significance was determined by ANOVA followed by Tukey post hoc test. * and # denote P<0.05 compared with
NC and HC: 0.375 mg/kcal rats, respectively. DHE indicates dihydroethidium stain; HC, hypercaloric chow; H & E, hematoxylin and
eosin; MT, Masson’s trichrome stain; and NC, normal chowand.

myogenic tone (Figure 6A and 6B). Such an increased  to a hypercaloric diet supplemented with 1.5 mg/kcal Pi
cerebrovascular reactivity within  the operational for the last 2 weeks of the feeding duration. Figure S6
pressure range of the middle cerebral arteriole was depicts the gross hemodynamic and metabolic outcome
associated with cerebral hypoxia and increased neu- of these protocols compared with rats fed a control and
roinflammation.®* This was the case in hypercaloric-fed low-Pi hypercaloric diet for 12 weeks. Although rats in
rats showing increased oxidative stress and IBA-1 stain- the hypercaloric diet with Pi reinstatement consumed
ing indicative of microglial activation in the brain stem more calories as expected, those on a low-Pi control
(Figure 6C). Interestingly, consistent with its effect on diet did not (Figure S6A). Whereas these dietary manip-
PVAT inflammation, cardiac autonomic and cardiovas- ulations had no bearing on body weight, blood glucose

cular functions, Pi supplementation reduced the cere- level, blood pressure, and ejection fraction (Figure S6B,
brovascular tone and the associated brainstem oxidative ~ S6C, S6G and S6H), only hypercaloric-fed rats with Pi
stress and microglial activation (Figure 6D and 6E). reinstatement had an increased adiposity and serum

insulin similar to those in rats on a low-Pi hypercaloric-
Hypercaloric Intake, Rather Than fed diet. (Figure S6D and S6F). Moreover, a 2-week rein-

. . statement of Pi at the 1.5 mg/kcal dose did not appear
Phosphorus Deficiency, Precipitates to alter metabolic efficiency of low-Pi hypercaloric-fed

PVAT, Metabc’"?’ and Cardiovascular rats (Figure S6l). However, despite the lack of effect on
Alterations, Which Can Be Reversed Upon  ingiin, Pi reintroduction reduced serum triglyceride lev-

Reinstating Dietary Phosphorus els. Serum triglyceride levels in rats fed a low-Pi control
To examine whether PVAT inflammation and the associ- chow were also comparable to those in rats receiving a
ated cardiovascular changes in rats fed a hypercaloric ~ control diet with normal Pi content (Figure S6E). Serum
diet occur because of increased calorie intake or Pi defi- Pi, calcium, and magnesium levels in the low-Pi control

ciency, an additional group of rats fed a control diet with diet group and those in the Pi-reinstatement group were
a Pi concentration equivalent to that in a hypercaloric not different from either the control diet or Pi-deficient
diet (0.375 mg/kcal) was used. Moreover, the impact of hypercaloric diet groups (Figure S7). Significantly, al-
Pi reinstatement after a 10-week exposure to a low-Pi though Pi reinstatement on top of a hypercaloric diet
hypercaloric diet was examined by switching these rats ~ improved ventricular function as measured by rate of
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Figure 5. Impact of inorganic phosphorus (P) supplementation on histopathological and molecular signs of vascular
impairment induced by hypercaloric (HC) feeding.

A, Representative micrographs of histopathological and dihydroethidium (DHE) staining in aortas of normal chow (NC)- (Group 1) and
HC-fed rats with different concentrations of P supplementation (Groups 2, 3, and 4). Data presented are serial sections taken from the
same tissues and are representative of 9 sections from 3 different rats in each group. Scale bars are (top to bottom): 50, 25, and 50 pm.
Fibrotic staining appears as a blue color on a red background, whereas DHE staining appears as red fluorescence on a background
of green collagen autofluorescence. Quantification values of medial thickness (B), as well as the intensity of Masson trichrome (C) and
DHE (D) staining normalized to aortic tissue area. Statistical significance was determined by ANOVA followed by Tukey post hoc test.
*and # denote P<0.05 compared with NC and HC: 0.375 mg/kcal rats, respectively. H&E indicates hematoxylin and eosin. DHE indicates

dihydroethidium stain; HC, hypercaloric chow; H & E, hematoxylin and eosin; MT, Masson'’s trichrome stain; and NC, normal chow.

the rise of ventricular pressure, rats on a low-Pi control
diet appeared to have a reduced ventricular contractility
(Figure S6J).

From a different perspective, molecular examina-
tion revealed no signs of PVAT inflammation in either
rat group. UCP1 and HIF-1a PVAT expression levels
were similar both in rats fed hypercaloric: 0.375 and
receiving a 2-week 1.5 mg/kcal Pi supplementation
as well as those receiving the low-Pi control diet com-
pared with control rats (Figure 7A). PVAT IL-13 levels
were low in both groups and no different from those in
rats receiving control chow (Figure 7A). As opposed to
rats receiving a 1.5-mg/kcal Pi-supplemented hyper-
caloric diet for the full duration, those in which Pi was
reintroduced for the last 2 weeks of feeding showed
increased PVAT adipocyte size. No such increase was
seen in rats fed a low-Pi control diet (Figure 7B).

The lack on inflammatory changes in PVAT of these
rats reflected on the histological and molecular markers
of cardiac and vascular damage elevated in rats fed an
hypercaloric: 0.375 Pi diet. No signs of papillary muscle
focal injury, cardiac fibrosis, macrophage infiltration, and
oxidative stress were seen in heart midsections of either
rat groups (Figure 7C). Similarly, aortic intimal thickness,

J Am Heart Assoc. 2021;10:e023227. DOI: 10.1161/JAHA.121.023227

trichrome, and dihydroethidium staining were within the
same levels as in rats receiving a control diet with stan-
dard phosphate content (Figure 7D).

On the other hand, although increased vascular con-
tractility in response to phenylephrine lingered in both
groups, the lack of Pi in the control diet did not seem to
induce parasympathetic autonomic neuropathy, and Pi
reinstatement reversed the bradycardic reflex blunting
induced by a hypercaloric: 0.375 Pi diet feeding as evi-
dent from the baroreflex slopes (Figure 8B). The correc-
tion of parasympathetic neuropathy could be related to
the lack of signs of brainstem neuroinflammation. Both
IBA-1 and dihydroethidium staining were at levels similar
to control rats in both groups (Figure 8C and 8D).

Dietary Interventions With Different
Phosphorus Levels Do Not Appear to
Induce Renal Structural or Functional
Alterations

Increased dietary Pi carries the risk of renal damage char-
acterized by tubular necrosis and calcium phosphate
deposition.®” To investigate whether the Pi amounts used
in the present study induced renal changes, we have
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Figure 6. Inorganic phosphorus (P) supplementation reverses cerebrovascular hypercontractility and brainstem
inflammation induced by hypercaloric (HC) feeding.

A, Representative tracings of pressure myography experiments depicting changes in rat middle cerebral artery diameter as a function
of change in intravascular pressure in vessel segments from normal chow (NC)- (Group 1) (top left), HC: 0.375 mg/kcal P-fed (Group 2)
(top right), HC: 0.75 mg/kcal P—fed (Group 3) (bottom left), and HC: 1.5 mg/kcal P-fed (Group 4) (bottom right) rats in presence (2 mmol/L
Ca) and absence of calcium in the bath solution. B, Active tone generated by rat middle cerebral artery in vessel segments a function
of pressure change (n=4). Active tone is the difference in diameter of the vessel at a given intravascular pressure value in the absence
and presence of calcium as indicated by the double-headed arrow on the tracings at 60 mm Hg. C, Representative micrographs of
IBA-1 immunohistochemical and dihydroethidium (DHE) staining in brainstems of NC- and HC-fed rats with different concentrations of
P supplementation. Data presented are serial sections taken from the same tissues and are representative of 9 sections from 3 different
rats in each group. Scale bars are 100 pm. IBA-1 staining appears as a brown color on a background of hematoxylin and eosin counter
stain, whereas DHE staining appears as red fluorescence on a black background. Quantification values of IBA-1 staining are shown (D),
as well as the intensity of DHE staining (E) normalized to brainstem tissue area. Statistical significance was determined by 2-way ANOVA
with repeated measures in the pressure factor followed by Sidak post hoc test for (B) and 1-way ANOVA followed by Tukey post hoc test
for (D) and (E). * and # denote P<0.05 compared with NC and HC: 0.375 mg/kcal rats, respectively. DHE indicates dihydroethidium stain;
HC, hypercaloric chow; IBA-1, ionized calcium-binding adaptor molecule 1; and NC, normal chow.
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undergone histological examination of kidneys from all complications has long been recognized to extend
groups. Periodic acid Schiff staining demonstrated no beyond simple perturbations of blood glucose and
changes in tubular or glomerular structure (Figure S8). lipid levels.®> However, it was not until fairly recently
Similarly, von Kossa staining showed no calcium depos- that investigation of pharmacological therapies for
its in the renal cortices of kidneys from rats in different metabolic disease focused on their cardiovascular
groups (Figure S8). Moreover, no differences in serum benefits as desirable outcomes, independent of their
creatinine concentrations were detected among any of  impact on hyperglycemia and blood lipid levels.63-65
the treatment groups (Figure S8). Although undoubtedly useful, these drugs were origi-

nally designed as hypoglycemic tools. Despite the

long standing and exponentially growing evidence im-
DISCUSSION plicating the involvement of inflammation, particularly
The complexity of the pathophysiology linking meta- that in adipose tissue, in the cardiometabolic compli-
bolic dysfunction in type 2 diabetes to cardiovascular  cations, direct interventions with this pathology have
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Figure 7. Molecular and histopathological impact of low phosphorus (P) control diet feeding or P reinstatement after a 10-
week, high-calorie, P-deficient diet feeding.

A, Representative Western blotting (left) and summary of the quantified data (right) showing the expression levels of UCP1 (uncoupling
protein 1), HIF-1a (hypoxia-inducible factor-1a), and IL-1(3 (interleukin-1pB) in perivascular adipose tissue (PVAT) of normal chow (NC)-
(Group 1), low inorganic phosphate (Pi) hypercaloric (HC)-fed (Group 2), Pi reinstatement (Group 5), and low-Pi NC-fed rats (Group 6).
The blots shown are representatives of experiments on tissues from 3 different sets of rats. B, Representative micrographs (left) and
summary of the quantified data (right) showing the adipocyte size in hematoxylin and eosin (H&E)-stained PVAT sections. Scale bars
are 25 pym. C, Representative micrographs of histopathological, immunohistochemical, and dihydroethidium (DHE) staining in heart
midsection. Scale bars are (top to bottom): 25, 25, 50, and 50 pm. Fibrotic staining appears as a blue color on a red background, CD68
staining appears as a brown color on a background of H&E counter stain, whereas DHE staining appears as red fluorescence on a
black background. Quantification values of area of interfibrillar edema (top left), as well as the intensity of Masson trichrome (top right),
CD68 (bottom left), and DHE (bottom right) staining normalized to ventricular tissue area are shown. D, Representative micrographs
of histopathological and DHE staining in aortas. Scale bars are (top to bottom): 50, 25, and 50 pm. Fibrotic staining appears as a blue
color on a red background, whereas DHE staining appears as red fluorescence on a background of green collagen autofluorescence.
Quantification values of medial thickness (top right), as well as the intensity of Masson trichrome (top left) and DHE (bottom) staining
normalized to aortic tissue area are shown. Summary data for micrographs are obtained from 9 sections from 3 different rats per
group. Results shown are mean + SEM. Statistical significance was tested by 1-way ANOVA followed by Tukey multiple comparisons
test. *Denotes a P-value <0.05 vs NC-fed rat values. DHE indicates dihydroethidium stain; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; H & E, hematoxylin and eosin; HC, hypercaloric chow; HIF-1a, Hypoxia inducible factor-1a; IL-13, Interleukin 1(3; MT,
Masson’s trichrome stain; NC, normal chow; and UCP1, Uncoupling protein 1.

not been forthcoming.'”%6-68 Here, we propose distary
phosphate supplementation as a simple approach to
mitigate PVAT inflammation and reduce the associated
cardiovascular consequences. Not only did prolonged
Pi supplementation of a hypercaloric Western diet re-
duce signs of PVAT inflammation, cardiac autonomic,
and cerebrovascular dysfunction, in addition to molec-
ular and histopathological indicators of damage in the
heart, blood vessels, and brainstem, a 2-week treat-
ment period had similar outcomes as well.

Typically, Western diets known to induce cardio-
vascular impairment in humans and animal models

J Am Heart Assoc. 2021;10:e023227. DOI: 10.1161/JAHA.121.023227

are rich in refined sugars and saturated fat.® Such
dietary shifts are associated with loss of micronutri-
ents including Pi.?® The rat model used in the present
study received a limited increase in daily caloric intake
from saturated fats and refined sugars for 12 weeks,
producing a nonobese, hyperinsulinemic prediabetic
state 314343570 This modification was associated with
almost a 50% reduction in dietary Pi. In the present
study, the salient features of this model were con-
firmed in the cohort of rats fed a hypercaloric diet with
0.375 mg/kcal Pi, particularly hyperinsulinemia and
an increased fat:lean ratio indicative of adipose tissue
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Figure 8. Impact of low phosphorus (P) control diet feeding or P reinstatement after a 10-week, high-calorie, phosphorus-
deficient diet feeding on parasympathetic cardiac autonomic function and brainstem inflammation.

A, Representative tracings of pressor (mean arterial pressure [MAP]) and cardiac (heart rate [HR]) responses to increasing
phenylephrine (PE) doses in inorganic phosphate (Pi) reinstatement (Group 5) and low-Pi normal chow (NC)-fed rats (Group 6).
Vertical scale bars represent MAP (50 mm Hg) and HR (40 BPM), whereas horizontal scale bars represent time (60 seconds). B, The
pressor responses to increasing doses of PE (top left), reflex bradycardic responses to increasing blood pressure (top right), best fit
regression line for the correlation between AMAP and reflex changes in HR in response to increasing doses of PE (bottom left), and
slope of the linear regression of the relationship between AHR and AMAP reflecting parasympathetic baroreceptor sensitivity (BRS;
bottom right) Depicted data represent mean+SEM of values obtained from 6 rats per group. C, Representative micrographs of IBA-1
immunohistochemical and dihydroethidium (DHE) staining in brainstems of low-Pi NC-fed and Pi-reinstatement rats. Data presented
are serial sections taken from the same tissues and are representative of 9 sections from 3 different rats in each group. Scale bars
are 100 ym. IBA-1 staining appears as a brown color on a background of hematoxylin and eosin counter stain, whereas DHE staining
appears as red fluorescence on a black background. D, Quantification values of IBA-1 staining (left), as well as the intensity of DHE
staining (right) normalized to brainstem tissue area are shown. Statistical analysis was done by 2-way ANOVA with repeated measures
in the dose factor followed by Sidak multiple comparisons test for AMAP and AHR, and 1-way ANOVA followed by Tukey multiple
comparisons test for the BRS slope and quantification values in €. *denotes P<0.05 vs NC. BRS indicates baroreceptor sensitivity;
DHE, dihydroethidium stain; HC, hypercaloric chow; HR, heart rate; IBA-1, ionized calcium-binding adaptor molecule 1; MAP, mean
arterial pressure; NC, normal chow; and PE, phenylephrine.

expansion and potential inflammation. Significantly, the
insulin spike following simple and refined sugar intake
triggered increased peripheral Pi uptake in a manner
independent of the status of insulin resistance, further
reducing its availability.”" Moreover, fructose intake, in
particular, was shown to reduce serum and intracellu-
lar phosphate levels.”

Importantly, a considerable body of research
demonstrated the beneficial metabolic impact of Pi.
Prior findings from our group showed that Pi supple-
mentation reduced postprandial blood glucose and
insulin levels,?® and decreased body weight, body
mass index, and waist circumference,”® increased

postprandial energy expenditure,” and preserved the
exercise-induced elevation in total energy expendi-
ture potentially by inhibition of energy compensation.”
Furthermore, other investigators showed that, besides
reducing blood glucose, insulin, and lipid levels, phos-
phate supplementation reduced body fat accumula-
tion, especially in visceral adipose.”®"”

In this context, increased adipose tissue UCP1 ex-
pression was consistently reported in different animals
models fed a high-fat diet.”® Of relevance, UCP1 activ-
ity is stimulated by long chain fatty acids increasing in
abundance following this kind of diet.”® UCP1-mediated
uncoupling was suggested to be an energy wasting
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mechanism to allow sufficient protein intake, especially
that this effect was simulated with a diet containing
low-quality protein in comparison with another diet
containing the phosphate-rich casein.®® Significantly,
although our rat model lacked systemic inflamma-
tion,'3143% these rats had localized PVAT inflammation
that coincided with increased UCP1 expression and
adipocyte hypertrophy resulting in increased hypoxia
and inflammation, which were not seen in WAT.'# In the
present study, the same results were recapitulated in
the hypercaloric: 0.375 Pi diet. No increases in UCP1
or HIF-1a expression or in proinflammatory IL-13 level
were seen in representative visceral WAT or BAT de-
pots, despite an increase in adipocyte size. This ob-
servation confirms the previous suggestion that the
growing oxygen demand because of increased UCP1
expression?'=28 possibly underlies the selective vulner-
ability of PVAT to hypoxia and inflammation at this early
stage. Furthermore, the lack of detectable changes
in serum levels of leptin and adiponectin, despite an
increased fat:lean ratio, supports the notion that the
functional and structural deterioration observed in this
rat model result from a local paracrine effect of PVAT
inflammation rather than a remote effect because of
wider involvement of other adipose depots similar to
that observed in late stages of obesity and diabetes.®®

Pi supplementation in rats fed a hypercaloric diet,
particularly at the 1.5 mg/kcal dose, reduced serum
insulin and lipid levels, as well as adipocyte size. This
occurred with a parallel reduction in PVAT UCP1 and
HIF-1a expression levels with a consequent decrease
in IL-13. The amelioration of the PVAT inflammatory
status was also demonstrated by a restoration of the
macrophage polarization state observed in control
rats. Although Pi supplementation did not result in
statistically significant changes in calorie intake, body
weight, or overall adiposity as measured by fatilean
ratio, a significant restoration of metabolic efficiency
was achieved in rats receiving Pi supplementation in a
hypercaloric diet. The reduction of metabolic efficiency
seen in rats fed hypercaloric: 0.375 could be attributed
to increased mitochondrial uncoupling resulting from
increased UCP1 expression, hence the dissipation
of excess dietary energy as heat. Increased UCP1
expression and activity was shown to be recruited in
adipose tissue for diet-induced thermogenesis and
was associated with increased oxygen consump-
tion.8" As such, the restoration of metabolic efficiency
in Pi-supplemented rats might be accounted for by the
reduction in UCP1 expression and activity. In this re-
gard, the ability of Pi to reduce mitochondrial uncou-
pling and energy dissipation via the inhibition of UCP1
has been recently shown.?® Whereas Pi-mediated
changes in calorie intake and body weight were below
the threshold of statistical significance, the intra-animal
normalization involved in the calculation of metabolic
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efficiency for each rat in different groups might have
accentuated these differences, which are inherently
limited given the relatively small size of PVAT being the
depot where UCP1 expression is upregulated.

Importantly, although previous studies suggested
that Pi supplementation induced a preferential in-
crease in lipid use as an energy source evident by a
reduced respiratory quotient without a decrease in
oxygen consumption,’” this appeared to be mediated
via coupled mitochondrial respiration. Low serum Pi
levels were shown to reduce mitochondrial ATP pro-
duction,®? whereas extramitochondrial Pi was shown
to induce a balanced activation of the electron trans-
port chain enhancing mitochondrial coupling and ATP
production.®® As such, given the known difference in
rates of mitochondrial oxygen consumption between
coupled and uncoupled mitochondrial respiration,®
it becomes plausible that the Pi-induced shift either
through inhibition of UCP1, activation of coupled elec-
tron transport, or both, underlies the observed allevia-
tion of PVAT hypoxia and inflammation. The increased
efficiency of respiration relieving the metabolic stress
triggering energy dissipation could explain the ob-
served normalization of UCP1 expression in PVAT from
animals receiving phosphate supplementation.

As for the triglyceride levels, although increased
serum levels could be tied to increased calorie intake,
adipose tissue inflammation was shown to contribute
to increased triglyceride levels by a variety of mech-
anisms including increased insulin resistance.®> As
such, it might be plausible that Pi supplementation
could normalize serum triglyceride levels through the
amelioration of PVAT inflammation and normalization of
insulin levels. A lowering effect on serum lipids was ob-
served for Pi supplementation before.”®’” However, a
potential caveat for this explanation would be the rela-
tively limited impact of a small adipose depot like PVAT
on systemic levels of triglycerides. As such, it might be
necessary to invoke additional explanations including
the overall improvement of metabolism and energy ex-
penditure previously reported for Pi supplementation.

Interestingly, the observed changes occurred in the
absence of a detectable alteration of serum phosphate
levels. Nevertheless, most authors agree that intracel-
lular phosphate concentration is 3 orders of magnitude
higher than that in the extracellular fluid,®® and partic-
ularly, intracellular free phosphate concentration is be-
lieved to be 10-fold higher®”; thus, changes in serum
concentration might not be the best reflection of the ef-
fect on intracellular targets. However, the results of the
in vivo treatment experiments are insufficient to support
a direct effect of Pi on PVAT inflammation, particularly
that Pi interferes with the function of many pathways
with impact on endocrine function and inflammation. In
this context, increased Pi intake was found to impact
calcium homeostasis and decrease serum calcium
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by affecting parathyroid hormone (PTH) levels®®; how-
ever, this has been reported when high Pi intake levels
were coupled with reduced calcium intake.®® Similarly,
serum Pi alterations could affect magnesium levels
either through renal excretion or via PTH activation.®°
Not only had PTH been implicated in a cross-talk with
IL-1B for bone resorption and metabolism,®" PTH was
shown to induce inflammatory IL-6 (interleukin-6) ex-
pression in osteoblastic cells.®? However, in the pres-
ent study, we did not detect changes in serum calcium
or magnesium levels. Furthermore, in a recent study
we observed no effect for the range of dietary phos-
phate supplementation used here on rat serum PTH.%3
As such, the full spectrum of mediators facilitating the
effect of phosphate supplementation in vivo remains
elusive.

On the other hand, the results of the in vitro cell
culture experiments support a direct role of Pi supple-
mentation on PVAT inflammation. Whereas HIF-1a and
IL-1B expression levels increased in the stressed adipo-
cytes exposed to monocytes as observed in the PVAT
of prediabetic rats receiving hypercaloric: 0.375, such
increases were attenuated in adipocytes exposed to
a parallel increase in Pi concentration presumably be-
cause of a mitigation of UCP1-medated oxygen con-
sumption. Nevertheless, it is noteworthy that direct
exposure to Piincreased HIF-1a expression in other cell
types including vascular smooth muscle cells.®* The
observed difference could be related to the cell type
used; however, the effect of Pi per se on adipocytes
in isolation of other factors remains to be determined.
As well, direct Pi actions might not only be relevant to
the proposed effect on hypoxia. Interestingly, recent
investigation proposed CaSR (calcium-sensing re-
ceptor) as a mediator of adipose tissue dysfunction,
whereby the activation of this receptor was associated
with proinflammatory cytokine production.®®% On the
other hand, other studies showed that selective CaSR
knockout in visceral adipose tissue did not alter adi-
pose inflammation and vascular dysfunction induced
by a high-fat diet, arguing against its role in this con-
text.” Significantly, emerging data suggested that in-
creasing Pi concentration appeared to inhibit CaSR
activity by noncompetitive antagonism.®® However, no
appreciable inhibition of CaSR was observed at phys-
iological serum levels of Pi; rather, a 2.5-fold increase
was required to achieve this inhibitory effect. As such,
the contribution of this mechanism in the context of our
present findings showing no increase in serum phos-
phate remains unlikely.

Under such circumstances, rats receiving a
Pi-supplemented hypercaloric diet showed mitigated
cardiovascular consequences of PVAT inflammation.
As observed previously, hypercaloric: 0.375 Pi feed-
ing was associated with increased vascular reactivity,
decreased rate of ventricular contractility, and blunted
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parasympathetic baroreflex sensitivity, which were tied
to increased paracrine IL-13 production from the in-
flamed PVAT."®"* Pi supplementation, particularly at the
1.5 mg/kcal dose, ameliorated the observed cardio-
vascular and parasympathetic functional impairment.
Moreover, heart midsection and aortic tissue from rats
receiving a Pi-supplemented hypercaloric diet showed
reduced signs of focal ischemia and decreased me-
dial thickness upon hematoxylin and eosin staining,
respectively. As well, fibrosis and oxidative stress
were also decreased. Furthermore, our previous work
showed that the prediabetic state induced in these
rats by hypercaloric feeding increased cerebrovascular
tone, triggering an increase in brain oxidative stress and
neuroinflammation.®* Pi supplementation normalized
cerebrovascular tone in response to a range of intra-
vascular pressure values and reduced signs of brain-
stem neuroinflammation and oxidative stress. Cardiac
autonomic neuropathy is a major cardiovascular risk
factor in prediabetes and is known to emerge from a
disproportionate sympathetic activation attributable to
hyperinsulinemia.®® However, it could also be argued
that the observed autonomic insult is a consequence
of increased brainstem oxidative stress and inflamma-
tion.'%% In either case, Pi supplementation appears to
reverse hyperinsulinemia and increase cerebrovascu-
lar tone, leading to brainstem oxidative stress.

From a different perspective, the ability of Pi ad-
ministration to improve insulin sensitivity'® and re-
duce insulin levels®® could be invoked to explain the
observed effect of Pi supplementation on PVAT.
Hyperinsulinemia was proposed as a possible instiga-
tor of adipose inflammation via insulin-induced adipo-
cyte hypertrophy.’? Nevertheless, the insulin-lowering
effect of Pi cannot rule out other mechanisms dis-
cussed above. This could be inferred from the obser-
vations in rats receiving a 2-week treatment protocol of
a 1.5 mg/kcal Pi-supplemented diet after being fed an
hypercaloric: 0.375 Pi diet for 10 weeks. Whereas the
relatively short duration of exposure to Pi supplemen-
tation was not sufficient to trigger changes in serum
insulin level and adipocyte size, together with a lack of
reversal of cumulative metabolic efficiency, this 2-week
regimen improved PVAT hypoxia and inflammation, as
well as the functional, histological, and molecular man-
ifestations of autonomic and cardiovascular deteriora-
tion. These findings suggest that Pi produced a direct
insulin-independent PVAT effect, potentially reducing
hypoxia by UCP1 inhibition and promoting coupled
mitochondrial respiration. On the other hand, Pi defi-
ciency on its own could not explain the observed PVAT
and cardiovascular phenotype. A low Pi control diet
evoked neither PVAT inflammation nor cardiovascular
deterioration, apart from a reduced rate of ventricular
contraction. Such a finding is expected, because a diet
with standard composition would not be anticipated
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to upregulate UCP1. Alternatively, the present find-
ings propose that the decreased phosphate intake
might have left oxygen consumption by the increased
PVAT UCP1 unopposed and thus augmented hypoxia,
HIF-1a expression, and inflammation.

Despite the availability of information describing
the molecular mechanism of Pi in this context and
the favorable outcomes of Pi supplementation in early
metabolic dysfunction, its recommendation for clin-
ical investigation will be hampered by the perceived
adverse effects. Literature shows a biphasic relation-
ship for the impact of serum phosphate level. Whereas
lower serum phosphate levels correlated with meta-
bolic impairment leading to increased cardiovascular
risk, higher levels were also associated with cardio-
vascular disease.?” Moreover, fluctuations in serum
phosphate concentrations triggered changes in cal-
cium levels as well as those of the PTH.'®" Importantly,
studies showed that high serum phosphate levels or
an excessive intake of phosphate were linked to car-
diovascular and renal damage.'?>'%3 In patients with di-
abetes, in particular, phosphate homeostasis appears
to be rather complex and more likely to accelerate
renal and cardiovascular complications compared with
nondiabetic individuals, For instance, evidence identi-
fied serum phosphate as an independent risk factor
for the progression of diabetic nephropathy.'®* On the
other hand, other evidence implicates hypophospha-
temia triggered by decreased phosphate reabsorption
in patients with uncontrolled diabetes might contribute
to hypoxic damage of retinal and renal tubular cells.!%®
Importantly, studies reporting adverse effects of in-
creased Pi intake show clear signs of deposition of cal-
cium phosphate in the kidneys.8® Increased Pi intake
was associated with tubular necrosis and renal calci-
fication in rats, albeit at intake levels that are 3- to 4-
fold higher than the highest concentration used in the
present study.®' As well, osteogenic changes including
increased runt-related transcription factor 2 (RUNX2)
expression and vascular calcification were observed
in rats fed a high Pi diet; however, this occurred only
in nephrectomized rats receiving more than twice as
much Pi as in our highest dietary composition, leading
to profound changes in serum Pi and calcium not ob-
served in the present study.'°® Nonetheless, histologi-
cal examination revealed normal renal glomerular and
tubular structure in the kidneys in rats of all groups.
Importantly, silver staining showed a total lack of cal-
cium deposits in the kidneys in all groups. Moreover, no
differences in serum creatinine levels were observed in
any of the treatment groups, possibly indicating normal
renal function. Phosphate nephropathy was associated
with severely increased serum creatinine that could be
detected less than a month from the high phosphate
exposure.'9%198 |n parallel, histological examination of
aortic tissue in our different rat groups did not show
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any sign of structural disruption that might be indic-
ative of increased FGF23 (fibroblast growth factor-23)
levels induced by increased Pi intake.'® Interestingly,
our recent results showed that FGF23 levels do not
change the range of Pi supplementation in rats used
in the present study.®® Moreover, previous research
showed that elevated sympathetic activity increased
FGF23 production,'’® whereas sympathetic blockade
reversed it.""" Thus, in the high-fat low-phosphate rat
group with an autonomic dysfunction favoring sympa-
thetic outflow, FGF23 production might be influenced
by 2 opposing physiological stimuli, further attesting to
the complexity of the mechanisms at play. Therefore,
such a recommendation for Pi intake must be decided
within a more holistic process, taking into consideration
the overall patient profile, including serum electrolyte,
PTH, and insulin levels, as well as kidney function sta-
tus. This is particularly important because the extrapo-
lation of the present results could not be done directly,
because the model used here represents a precise
stage in metabolic deterioration with many peculiari-
ties that might not exactly mirror the human metabolic
status.

In conclusion, the present study proposes a novel
role for Pi supplementation in curbing PVAT inflam-
mation occurring in early metabolic dysfunction trig-
gered by intake of diets with a diluted Pi content. Pi
normalization relieves PVAT hypoxia and mitigates the
detrimental cardiac autonomic and vascular conse-
quences. The combined metabolic and cardiovascular
impact highlights a potential role for Pi in the amelio-
ration of the emergence of the early cardiometabolic
complications of increased calorie intake.
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Figure S 1. Metabolic and gross hemodynamic impact of inorganic
phosphorus supplementation of hypercaloric diet. Twelve weeks of
increased calorie consumption (A) due to hypercaloric (HC) diet feeding induce a
non-obese prediabetic phenotype in rats without an increase in body weight (B),
fasting blood glucose (C), systolic blood pressure (Sys BP, G), Ejection fraction
(H), Serum Leptin (1), and serum adiponectin (J); but with increased fat:lean ratio
(D), serum triglycerides (E), and fasting serum insulin (F). The effects of inorganic
phosphorus (P) supplementation at 0.75 and 1.5 mg/Kcal during the full twelve-
week duration are depicted and compared to rats receiving normal chow (NC).
Results shown are mean + SEM of observations from six different rats per group.
Statistical significance was tested by one-way ANOVA followed by Tukey post hoc
test. * denotes a P-value < 0.05 vs. NC while # denotes a P-value < 0.05 vs. HC:
0.375 mg/Kcal P.
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Figure S2. Phosphorus supplementation does not affect serum Pi, calcium, or
magnesium concentrations. Phosphorus (Pi) deficient hypercaloric feeding (HC:
0.375 mg/Kcal) does not affect serum Pi (A), calcium (B) or magnesium (C)
concentrations. Results shown are mean + SEM of observations from six different
rats per group. Statistical significance was tested by one-way ANOVA followed by
Tukey multiple comparisons test.
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Figure S 3. Impact of 8 weeks of inorganic phosphorus
supplementation of hypercaloric diet on metabolic and gross hemodynamic
parameters as well as Pi, calcium, and magnesium concentration. Eight weeks of
feeding had no effect on body weight (A), fasting blood glucose (B), systolic blood
pressure (Sys BP, E), serum Pi (F), serum calcium (G), and serum magnesium (H);
but increased fat:lean ratio (E) and serum triglycerides (D). Results shown are mean
+ SEM of observations from five different rats per group. Statistical significance was
tested by one-way ANOVA followed by Tukey post hoc test. * denotes a P-value <
0.05 vs. NC while # denotes a P-value < 0.05 vs. HC: 0.375 mg/Kcal P.
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Supplementary Figure 5. Adipocytes differentiated from human bone marrow-
derived mesenchymal stem cells respond to stress by 40 mIU/L insulin and 1.6
mM palmitic acid by an inflamed phenotype. A, Bone marrow mesenchymal stem
cells before (left) and after (right) differentiation to adipocytes; B, Representative
western blotting showing UCP1 expression in different batches of differentiated
adipocytes; C, adipocyte exposure to a high insulin and palmitic acid stress leads to
increased recruitment and adhesion of THP-1 monocytes; D, Recruited monocytes
show markers of differentiation into macrophages. For C, statistical significance was
tested by t test. * denotes a P-value < 0.05 vs. control culture medium without the
increased insulin and palmitic acid.
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Figure S 5. Phosphorus supplementation restores metabolic efficiency
without affecting protein metabolism. Phosphorus (Pi) deficient
hypercaloric feeding (Group 2: HC: 0.375 mg/Kcal) is associated with reduced
metabolic efficiency (A) that is restored by Pi supplementation (Groups 3 & 4) without
affecting protein breakdown measured by blood urea nitrogen (BUN, B). Results
shown are mean + SEM of observations from six different rats per group. Statistical
significance was tested by one-way ANOVA followed by Tukey multiple comparisons
test. * denotes a P-value < 0.05 vs. NC-fed rat values.
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Figure S6. Gross metabolic and functional parameters following phosphorus
reinstatement after a ten-week high calorie phosphorus deficient diet feeding
(Group 5) or low phosphorus control diet feeding (Group 6). The differences
in calorie consumption (A) in different groups for the twelve-week duration did not
reflect into changes in body weight (B), fasting blood glucose (C), systolic blood
pressure (Sys BP, G), and Ejection fraction (H); yet increased fat:lean ratio (D), serum
triglycerides (E), and fasting serum insulin (F) were not seen in the low Pi control diet
group with only serum triglycerides reversed by Pi reinstatement. Low Pi control diet
and Pi reinstatement did not affect metabolic efficiency (I) compared to control rats or
those receiving low Pi HC diet, respectively. J, Systolic ventricular function in different
groups measured as dP/dtmax. Results shown are mean + SEM of observations from
six different rats per group. Statistical significance was tested by one-way ANOVA
followed by Tukey post hoc test. * denotes a P-value < 0.05 vs. NC while # denotes a
P-value < 0.05 vs. HC: 0.375 mg/Kcal P.
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Figure S 7. Serum Pi, calcium and magnesium following phosphorus
reinstatement after a ten-week high calorie phosphorus deficient diet feeding
(Group 5) or low phosphorus control diet feeding (Group 6). Different dietary
interventions do not affect serum Pi (A), calcium (B) or magnesium (C)
concentrations. Results shown are mean + SEM of observations from six different rats
per group. Statistical significance was tested by one-way ANOVA followed by Tukey
multiple comparisons test.
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Figure S8. Impact of different phosphate and fat levels in diet on renal
microscopical structure and calcium deposition, as well as serum
creatinine levels. A, Representative micrographs of PAS (top) and von Kossa
(bottom) stained renal cortical sections showing normal glomerular and tubular
structure and absence of calcium deposits in kidneys from different treatment groups.
Data presented are serial sections taken from the same tissues and are representative
of 9 sections from 3 different rats in each group. Scale bars are 50 um. von Kossa
staining typically appear as brown staining on a background of H&E counter stain.
Quantification values of mesangial matrix ratio reflecting glomerular structure (B), as
well as the intensity of von Kossa stain (C), whereas (D) represents average serum
creatinine concentration in different treatment groups. Statistical significance was
tested by one-way ANOVA followed by Tukey multiple comparisons test.
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