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Background-—Sustained pressure overload leads to changes in cardiac metabolism, function, and structure. Both time course and
causal relationships between these changes are not fully understood. Therefore, we studied spontaneously hypertensive rats (SHR)
during early hypertension development and compared them to control Wistar Kyoto rats.

Methods and Results-—We serially evaluated myocardial glucose uptake rates (Ki) with dynamic 2-[18F] fluoro-2-deoxy-D-glucose
positron emission tomography, and ejection fraction and left ventricular mass to body weight ratios with cardiac magnetic
resonance imaging in vivo, determined glucose uptake and oxidation rates in isolated perfused hearts, and analyzed metabolites,
mammalian target of rapamycin activity and endoplasmic reticulum stress in dissected hearts. When compared with Wistar
Kyoto rats, SHR demonstrated increased glucose uptake rates (Ki) in vivo, and reduced ejection fraction as early as 2 months of
age when hypertension was established. Isolated perfused SHR hearts showed increased glucose uptake and oxidation rates
starting at 1 month. Cardiac metabolite analysis at 2 months of age revealed elevated pyruvate, fatty acyl- and branched chain
amino acid-derived carnitines, oxidative stress, and inflammation. Mammalian target of rapamycin activity increased in SHR
beginning at 2 months. Left ventricular mass to body weight ratios and endoplasmic reticulum stress were elevated in 5 month-
old SHR.

Conclusions-—Thus, in a genetic hypertension model, chronic cardiac pressure overload promptly leads to increased myocardial
glucose uptake and oxidation, and to metabolite abnormalities. These coincide with, or precede, cardiac dysfunction while left
ventricular hypertrophy develops only later. Myocardial metabolic changes may thus serve as early diagnostic markers for
hypertension-induced left ventricular hypertrophy. ( J Am Heart Assoc. 2019;8:e010926. DOI: 10.1161/JAHA.118.010926.)
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C hronic hypertension leads to left ventricular hypertrophy
(LVH) and often, in turn, to heart failure (HF). HF is

associated with significant morbidity and mortality, with 1-year
mortality rates as high as 22%.1 LVH plays a significant role in
the pathogenesis of HF. Early detection and prevention of LVH is
thus important. It is well established that fully developed LVH
and HF are associated with metabolic abnormalities.2 However,
the temporal and causal relationships between gradually

increasing chronic pressure overload, metabolic changes,
impaired cardiac function and LVH remain unknown.

Accurate non-invasive imaging of myocardial substrate
metabolism in animals and humans offers a unique opportu-
nity to identify changes in myocardial metabolism before and
during the development of LVH, and to establish treatment
strategies to prevent LVH.3,4 We recently developed an
improved method for non-invasive quantification of rates of
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myocardial glucose uptake and use in vivo in mouse hearts
using dynamic 2-[18F] fluoro-2-deoxy-D-glucose positron
emission tomography (FDG PET).5 Using this method, together
with cardiac magnetic resonance (CMR) imaging for evaluat-
ing cardiac structure and function in vivo, we previously
described that increased myocardial FDG uptake precedes
diminished cardiac function and LVH in the transverse aortic
constriction induced acute pressure overload mouse model.6–
8 Ex vivo studies in perfused rat hearts under high workload
further revealed that increased glucose uptake not matching
reduced glucose oxidation resulted in glucose 6-phosphate
(G6P) accumulation in the myocardial wall, activation of
mammalian target of rapamycin (mTOR), endoplasmic retic-
ulum stress, and loss in left ventricular function.7

The acute pressure overload mouse model9 used by our
laboratory6 and others10 lacks a key feature of the human
disease; the slow progressive increase in pressure overload.
Therefore, in the current study we used a rat model with slowly
developing hypertension, the spontaneously hypertensive rat
(SHR). SHR are widely used to study the transition from
compensated LVH to systolic HF.11 Prior studies longitudinally
imaged SHR using small animal PET/CT (Computed Tomo-
graphy) from 8 to 22 months of age.12,13 They observed
increased glucose and fatty acid use at 8 months of age in
SHR that was sustained up to 20 months, but found decreased
cardiac function and increased cardiac volume only at
20 months. Diffusion tensor CMR imaging at 2 years
(�24 months) of age revealed significantly altered myocardial
fiber and laminar sheet structure in SHR.14,15 Another study
measured local strain in the left ventricle (LV) directly from

gated microPET image data sets of SHR. Preliminary regional
analysis in SHR indicated greatest deformation in the lateral
free wall when compared with other wall segments during the
second year of life (12 to 17 months of age).16 However,
systematic analyses of metabolic, functional, and structural
changes have not been reported in SHR during the early
development of hypertension. In this study we used serial
dynamic FDG PET imaging and CMR in vivo, measured
myocardial glucose uptake and oxidation rates in perfused
SHR hearts ex vivo, and performed a comprehensive cardiac
metabolite analysis of SHR and WKY rats between 1 and
5 months of age. Our data suggest that slowly progressive
hypertension in SHR leads to early myocardial metabolic
changes that coincide with, or even precede, reduced ejection
fraction (EF). LVH only develops later.

Methods
The authors declare that all supporting data are available
within the article and supplemental material.

Rat Model
Male 3-week old SHR and WKY rats, purchased from Charles
River (Kingston, NY), were housed under controlled conditions
(temperature 21�1°C, humidity 60�10%, 12 hours light/
12 hours dark cycle, and free access to standard rat chow
and water). Measurements described below were performed
at baseline (1 month of age), and at 2, 3, and 5 months of age
as SHR develop hypertension at �6 to 8 weeks of age.17

Animal experiments were approved by the Institutional
Animal Care and Use Committees of the University of Vir-
ginia and the University of Texas Health Science Center in
Houston and performed according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Blood Pressure Measurements
SHR and WKY rats were subjected to invasive carotid artery
catheterization tomeasure mean arterial pressure (MAP). Rats were
anesthetized with Inactin Hydrate (Sigma; 100 mg/kg body weight)
via intraperitoneal injection. A polyethylene (PE)-50 catheter was
inserted into the right carotid artery and MAP recorded over
30 minutes using a Blood Pressure Analyzer (Micromed Inc.). At
completion of measurements hearts were harvested, washed with
PBS, snap frozen in liquid nitrogen, and stored at�80°C.

FDG PET Imaging In Vivo
Myocardial rates of FDG uptake (Ki) were determined by
dynamic 2-[18F] fluoro-2-deoxy-D-glucose (18F-FDG) PET

Clinical Perspective

What Is New?

• Serial in vivo imaging and ex vivo analyses establish
sequential metabolic, functional and structural cardiac
changes during early hypertension in a rat model of
hypertensive heart disease.

• Metabolic abnormalities precede and coincide with impaired
cardiac function. Left ventricular hypertrophy only develops
later.

What Are the Clinical Implications?

• Left ventricular hypertrophy is a secondary manifestation of
hypertension, independently predicts future cardiovascular
disease events, and leads to heart failure.

• The current studies establish a model in which to investigate
relationships between metabolic, functional and structural
cardiac abnormalities, and thereby identify specific molec-
ular targets for prevention of left ventricular hypertrophy
and consequently heart failure in hypertensive patients.
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imaging of SHR and WKY rats using the Siemens Focus F 120
microPET scanner as we described for mice.5,6 Briefly, rats
were fasted for 6 hours with free access to water before FDG
imaging. They were then subjected to a 60-minute dynamic
PET scan under 2% isoflurane anesthesia. Data acquisition
was initiated a few seconds before the slow (over 20 sec-
onds) administration of 1 to 1.5 millicurie (mCi) FDG via a tail-
vein catheter. A Small Animal Gating Instrument (model
1025L for PET) was used to continuously monitor heart rate,
respiration, and core body temperature. For attenuation
correction a transmission scan using a Co57 point source
was done before FDG administration. The list mode data was
sorted into 23 time bins (frames9time in seconds (1198,
1912, 2960, 19180, 89400 seconds) and the sinograms
reconstructed with attenuation correction using filtered back
projection algorithms (ramp filter cutoff at the Nyquist
frequency).5,6

Region of Interest Analysis and Computation of
Myocardial FDG Uptake Rate, Ki
Briefly, data representing FDG concentrations in the myocar-
dium and left ventricle were taken from 2 regions of interest
in a single frame of the 4-D dynamic PET image. The slices
from the last time frame of the image were manually parsed
until the left ventricle was clearly visible. The latest time frame
most clearly showed the myocardium, since most FDG had
been taken up from the blood by that time point. Once a slice
in the midsection of the heart was identified, the 2 regions of
interest were manually drawn as continuous lines using a
series of connected points. Time activity curves (TAC) for each
of the 2 regions of interest were generated by averaging the
image data of a given region of interest at each time frame. To
more accurately represent the uptake in the entire heart and
prevent anomalies in a single slice from representing activity
in the entire heart, regions of interest were first tested in
several slices in the midsection of the heart. Slices were
manually parsed from the tail-most slice towards the head.
The first slice in which the ventricle could be resolved from
the myocardium (first slice showing the donut shape) was
designated as the bottom slice of the midsection of the heart.
The last slice, where the ventricle was visible, was designated
as the top slice of the midsection. The average slice of the top
and bottom slices was designated as the mid-slice of the
heart. The mid-slice, as well as the slices directly above and
below, were analyzed to create 3 TACs. If the TAC from the
mid-slice was consistent with the other 2 TACs based on
visual comparison, it was used for modeling. If the mid-slice
contained some heterogeneity relative to the other slices,
which was a rare occurrence, then the next slice towards the
head was used for modeling. Using the formalism developed
in our laboratory for mouse hearts,5,6 a 3-compartment kinetic

model that can simultaneously correct for spill over and
partial volume effects for both the blood pool and myocar-
dium, generate a model corrected blood input function (MCIF),
and compute kinetic rate parameters (K1-k3), was used to
compute rates of myocardial FDG uptake, Ki. A blood sample
was also collected at around 56 minutes after FDG admin-
istration from the tail vein to validate model corrected blood
input function (MCIF) at the same time point. The above
analysis was performed using the MATLAB_r2018a (Math-
works Inc., Natick MA) computing environment.

Because of the limited spatial resolution of the small
animal PET scanner, and small size of rat heart during early
stages of hypertension, partial volume averaging can become
a significant problem resulting in spill over contamination
from the blood to the tissue at early and vice-versa at late
time points. Our model developed in mouse heart5 accounted
for partial volume and spill over contamination effects and
generated MCIF as described above. In addition, implemen-
tation of the convolution function used to represent the
myocardium first found poor fits using MATLAB’s convolution
(conv) function, which may have been attributable to the fact
that the MATLAB conv function calculates a convolution on a
set of discrete data points. To improve the approximation of
the tissue function, the equation was coded as a triangular
approximation of the continuous convolution integral, rather
than computed using a discrete convolution algorithm.
Because of the high number of parameters involved in
optimizing the model,5 the model is sensitive to the initial
guesses for some of the variables. Because FDG is a non-
reversible tracer, the rate constant k4 was assumed to be
small relative to the rate constants K1-k3. To achieve the best
fit, it was necessary to place the initial guess for k4 much
lower than the other rate constants. Similarly, the value for
A1,5 which helps to determine the height of the concentration
peak in the 7 parameter blood concentration equation,
required a large enough initial guess to support adequate
spill over contamination correction from blood to tissue.

CMR Imaging In Vivo
Myocardial mass and left ventricular (LV) function were
determined using CMR 2 days after FDG PET scans on the
same rats using an ECG-triggered cine black blood pulse
sequence on a 7T Bruker-Siemens scanner (ClinScan) as
described.18

Briefly, ECG leads were attached to the rats’ chests and
rats, anesthetized with 2% isoflurane, were placed in a prone
position inside the radiofrequency coil. The LV ejection
fraction (EF) and LV mass measurements were performed
using an ECG-triggered cine black blood pulse sequence18

with a slice thickness of 1.5 mm and an in-plane resolution of
1009100 lm2. During each session, the entire LV was
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imaged with 9 to 10 contiguous short-axis slices. The black
blood cine images were imported to a workstation and
analyzed with SEGMENT (Medviso, AB, Sweden, open source)
software. Specifically, end-diastolic (ED) and end-systolic (ES)
frames were identified and thereafter endocardial and
epicardial contours were drawn on the frames for all the
slices. Using the SEGMENT software, ED volume (EDV), ES
volume, ejection fraction (EF), and LV mass were computed.
The LV mass (LVM) was then normalized to body weight (BW)
to obtain LVM to BW ratios.

Measurements of Glucose Uptake and Oxidation
in Perfused Rat Hearts Ex Vivo
SHR and WKY rat hearts were perfused ex vivo and glucose
uptake and oxidation determined as described.7,19,20 Briefly,
after excision and cannulation, hearts were perfused at 37°C
with non-recirculating Krebs-Henseleit buffer equilibrated with
95% O2 to 5% CO2 supplemented with 5 mM glucose and
0.4 mM sodium oleate bound to 1% bovine serum albumin.
Preload was set at 15 cm H2O. After equilibration, hearts
were perfused at normal workload (afterload set to 100 cm
H2O) for 30 minutes. All hearts were then subjected for
30 minutes to increased workload (with epinephrine bitartrate
1 lmol/L, plus afterload of 120 cm H2O for 1- and 2-month
old rats, or 140 cm H2O for 3- and 5-month old rats). Glucose
transport and phosphorylation were determined by [3H]2O
production from [2-3H] glucose (0.05 lCi/mL). Rates of
glucose oxidation were determined by quantifying [14C]O2

released into the coronary effluent from [U-14C] glucose
(0.08 lCi/mL).19

Evaluation of Protein Expression and
Phosphorylation by Immunoblotting
Frozen hearts, obtained after blood pressure measurements,
were weighed (total heart weight), powdered and homoge-
nized in Mammalian Protein Extraction Reagent (MPER;
Thermo Scientific) containing Halt protease and phosphatase
inhibitor cocktail (Thermo Scientific). Protein concentrations
were determined using a bicinchoninic acid assay (Pierce,
Thermo Scientific). SDS samples (40 lg total protein per lane)
were separated by SDS-PAGE (10% Tris-HCl polyacrylamide
gels), transferred onto nitrocellulose membranes by elec-
troblotting, and immunoblotted as described.7 Specifically,
membranes were blocked in 5% milk/Tris-buffered saline
(TBS)/0.1% Tween-20 for 2 hours at 4�C and incubated
overnight at 4�C, with phospho-p70S6 kinase (Thr389)
antibodies (Cell Signaling; Cat# 9205; 1:1000) in 5% bovine
serum albumin/Tris-buffered saline (TBS)/0.1% Tween-20, or
with p70S6 kinase (Cell Signaling; Cat# 2708; 1:1000),
GRP78 (Enzo; Cat# ADI-SPA-826-F; 1:1000), collagen a1 type

I (COL1A1) (Santa Cruz; Cat # sc-293182; 1:200), or collagen
a1 type III (COL3A1) (Santa Cruz; Cat # sc-271249; 1:200)
antibodies in 5% milk/Tris-buffered saline (TBS)/0.1% Tween-
20. Membranes were subsequently incubated with Horse-
radish Peroxidase (HRP)-conjugated secondary antibodies (GE
Healthcare; Cat# NA934V or NA931V; 1:2500) in 5% milk/
Tris-buffered saline (TBS)/0.1% Tween-20 for 2 hours at room
temperature. Signals were detected using chemiluminescence
and band densities determined with ImageJ software (National
Institutes of Health). Blots were rinsed in TBS, incubated with
GAPDH antibodies (Ambion Life Technologies; Cat# AM4300;
1:2500) overnight at 4�C and then with infrared secondary
antibodies (LI-COR; anti-mouse IRDye 680; Cat# 925-68072;
1:15000) in LI-COR blocking buffer for 2 hours at room
temperature. Immunoreactivity was determined using the
Odyssey Infrared Imaging System (LI-COR), and images were
analyzed with ImageJ software. All signal intensities were
normalized to GAPDH expression.

Metabolite Analyses
Blood glucose was measured in tail vein blood of SHR and
WKY rats after a 6 hour fast using a glucometer (ACCU-CHEK
Nano, Bayer). Rats were then anesthetized with Inactin as
described above and blood samples collected through a PE-50
catheter inserted into the right carotid artery. Hearts were
harvested and processed for metabolite analysis by Metabo-
lon Inc. (see Data S1). Serum was stored at �80°C for
subsequent measurements of free fatty acids (FFA), insulin,
and branched chain amino acids (BCAA) using the HR Series
NEFA-HR(2) kit (Wako), insulin ELISA kit (80-INSHU-E01.1,
ALPCO) and Branched Chain Amino Acid Assay kit (ab83374,
ABCAM), respectively.

Statistical Analyses
Due to the invasive and terminal method used for MAP
measurements, MAP was measured repetitively at only a
single time point (age) for each rat, and not repetitively over
time. The MAP data were thus analyzed by 2-way ANOVA with
replicate measurements for each rat considered as subsam-
pling units. In terms of the 2-way ANOVA model, the
dependent variable was MAP, and the independent variables
were the rat type (SHR and WKY) and assessment age (1–
5 months). For hypothesis testing, a set of linear contrasts of
the ANOVA least-squared means was used to conduct
between rat type comparisons of MAP distribution means at
1, 2, 3, and 5 months. A Bonferroni corrected P<0.05
decision rule was used as the null hypothesis rejection rule.

The PET and CMR serial imaging data (Ki, EF, and LVM/BW)
were analyzed by way of linear mixed models for time point by
time point between rat type comparisons. Hypothesis testing
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was with respect to the mean response, and a comparison
wise P<0.05 decision rule was used for the null hypothesis
rejection criterion for between rat type comparisons. With-in
rat type trends in the serial PET and CMR in vivo imaging data
were examined by Piecewise Random Coefficient Regression
(PRCR). PRCR change points of 2 (for EF and LVM/BW ratios)
or 3 (for Ki) months of age were selected for modeling
differential time trends based on visual inspection of the rat
type empirical mean time profiles. PRCR regression model
parameters were estimated via restricted maximum likeli-
hood, and null hypothesis tests related to the regression slope
parameters were conducted by way of F-tests. A P<0.05
decision rule was used as the null hypothesis rejection
criterion for testing for non-zero slope, and for testing with-in
rat type differences in the PRCR slope parameter values.

Repeated glucose uptake and oxidation measurements in
perfused rat hearts were analyzed by way of linear mixed
models. Hypothesis testing was with respect to the mean
response, and a Bonferroni corrected P<0.05 decision rule
was used as the null hypothesis rejection rule for between rat
type comparisons.

Ex vivo data including immunoblots, heart weight/BW
ratios, circulating glucose, insulin, FFA, BCAA levels, and
collagen I/collagen III ratios were analyzed using paired
Student t-tests. Ex vivo metabolomics data were analyzed
using Welch 2-sample t-tests. A P<0.05 decision rule was
used as the null hypothesis rejection criterion.

The statistical software package SAS version 9.4 (SAS
Institute Inc., Cary, NC) and GraphPad Prism 7 (GraphPad Inc.,
La Jolla, CA) were used to conduct all the analyses.

Results

Blood Pressure as a Function of Age in SHR
Mean arterial pressure (MAP) was higher in SHR than WKY at
1 month of age (P=0.002), but was still within the normoten-
sive range (<120 mm Hg). SHR were hypertensive at
2 months of age (>160 mm Hg) while WKY remained
normotensive (P<0.001). At 3 and 5 months of age, MAP
increased further in SHR, while in WKY rats it remained stable
and within the normal range (SHR versus WKY; P<0.001 and
P<0.001, respectively) (Figure 1A).

Myocardial Glucose Uptake In Vivo
Transverse in vivo FDG PET images of SHR and WKY hearts
demonstrated that, when compared with WKY, FDG uptake was
significantly elevated in SHR hearts starting at 2 months of age
while LV dilatation was only present at 5 months (Figure 1B).

Representative time activity curves with computed model
corrected blood input function (MCIF) for WKY and SHR at

2 months of age are shown in Figure 1C and 1D. As
determined by paired t-tests, computed MCIF radioactivity
concentration values, for example in control WKY rats at
2 months of age, were not significantly different from
sampled blood values (P=0.201). Computed rates of FDG
uptake (Ki) for SHR and WKY showed age-dependent changes
in myocardial glucose uptake for both SHR and WKY
(Figure 1E). However, in SHR hearts glucose uptake signifi-
cantly increased from 1 to 3 months of age (slope=0.0095 Ki
units/month, P<0.001), concurrently with blood pressures
increasing into the hypertensive range. Meanwhile myocardial
glucose uptake remained stable in normotensive WKY
(slope=0.0049 Ki units/month, P=0.117). This resulted in a
marked difference in Ki between SHR and WKY hearts at
2 months (P=0.009). From 2 to 5 months of age changes in
glucose uptake in SHR and WKY hearts were similar but Ki in
SHR remained significantly higher than in WKY (P=0.018 and
P=0.035 at 3 and 5 months, respectively). A significant
decline in Ki was observed in SHR from 3 to 5 months of age
(slope=�0.0051 Ki units/month, P=0.047), whereas WKY
exhibited no change in Ki from 3 to 5 months of age
(slope=�0.0048 Ki units/month, P=0.138). Comparison of Ki
in WKY over the 5 months (1–3 versus 3–5 months of age)
revealed no significant difference (slope=0.0097 Ki units/
month, P=0.068). Thus, for WKY Ki did not significantly
change from 1 to 5 months. The reason for the decrease in Ki
in SHR at 5 months is not clear, but it could represent an
adaptation to increased left ventricular mass (LVM) and/or
improved EF that we observe at this age (see below).

Ejection Fraction and Left Ventricular Mass
Cardiac ejection fraction (EF), and left ventricular mass (LVM)
were measured in SHR and WKY using in vivo CMR. EF
significantly decreased in SHR (slope=�5.0%/month, P=
0.031) but did not change in WKY rats from 1 to 2 months of
age (slope=�0.8%/month, P=0.750) (Figure 2A). This resulted
in a marked difference in EF between SHR and WKY at
2 months of age (P<0.001) paralleling increased glucose
uptake rates (Ki) at the same age (Figure 1E). Between 2 and
5 months of age, EF did not significantly change in SHR
(slope=0.4%/month, P=0.498) or WKY (slope=�0.9%/month,
P=0.263). However, EF for WKY remained higher than for SHR
(P<0.02). For LVM/BW ratios, both SHR and WKY exhibited a
decline from 1 to 3 months of age (slope=�0.54 units/month,
P=0.001 and slope=�0.64 units/month, P<0.001 respec-
tively) and no change from 3 to 5 months (slope=0.164 units/
month, P=0.145 and slope=0.175 units/month, P=0.215
respectively) (Figure 2B). When compared with WKY, SHR
showed a significantly higher LVM/BW ratio at 5 months
(P=0.022). Note, the decline in LVM/BW ratios from 1 to
2 months was because of a more pronounced increase in BW
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Figure 1. Increased glucose uptake during hypertension development in SHR.A, Blood pressure. MAPwasmeasured in SHR
(n=6)andWKY (n=6)at1,2,3, and5 monthsofage.MAPwere recordedeveryminuteandvaluesaveraged toobtain the reported
data with standard errors. *P=0.020 SHR vs WKY. B, Transverse in vivo FDG PET images. SHR (n=8) and WKY (n=5) rats were
serially imagedat1,2,3,and5 monthsofageusingFDGPET imaging.Representative transverse last timeframeintensity images
ofSHRandWKYheartsnormalizedtothe injecteddoseandanimalweightareshown.CandD, TimeactivitycurvesforWKY(C)and
SHR (D) at 2 months of age. Representative time activity curves for LV blood pools and myocardium, model fits, and model
corrected blood input function (MCIF). E, myocardial glucose uptake rates in vivo in SHR.Glucose uptake rates were computed
from serial FDG PET images of SHR (n=8) and WKY (n=5) hearts. All data are shown as mean�SE. MAP indicates mean arterial
pressure; PET, positron emission tomography; SHR, spontaneously hypertensive rats; TAC, time activity curve; IDIF, image-
derived input function; WKY, Wistar Kyoto rats. *P<0.05 SHR vs WKY.
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than LVM in both SHR and WKY. Consistent with the increased
LVM/BW in SHR detected by CMR, we also observed a
significant increase in weights of harvested SHR hearts when
normalized to body weights at 5 months (P<0.05) (Figure 2C).
Thus, early LVH is present in SHR at 5 months of age.
However, we did not detect fibrosis at this age in SHR based
on collagen I/III ratios (WKY 0.31 �0.03, SHR 0.27�0.01,
n=5–6, P=0.21).

Glucose Uptake and Oxidation in Hearts Ex Vivo
To corroborate the in vivo FDG PET imaging results, rates of
myocardial glucose uptake and oxidation were measured in
isolated perfused working SHR and WKY hearts. Baseline
rates of glucose uptake were significantly increased in SHR
hearts at all ages with the largest difference (2-fold increase
versus WKY, P<0.001) occurring at 2 months (Figure 3A).
Glucose uptake with increased workload was greater in SHR
only at 2 months (P<0.001) (Figure 3B). Glucose oxidation
rates were markedly elevated in SHR at all ages (P<0.001) at
normal and increased workload (except at 3 months after-
load; P=0.359) (Figure 3C and 3D).

mTOR and GRP78 Activation
We observed increased mTOR activation (measured by deter-
mining levels of p70S6 kinase [p70S6K] phosphorylation)
concomitant with increased myocardial glucose-6-phosphate
(G6P) accumulation in the transverse aortic constriction mouse
model.7 In here, we observed significant increases in p70S6K
phosphorylation, indicating increased mTOR activity, in SHR
hearts at 2, 3, and 5 months of age (Figure 4A), with the highest
fold difference between SHR and WKY at 2 months (P<0.001)
(Figure 4B). However, G6P levels were normal in SHR hearts at
1, 2, 3, and 5 months (data not shown). Total p70S6K
expression in SHR and WKY hearts was similar at all ages. As
a marker of endoplasmic reticulum stress we evaluated GRP78
expression. GRP78 was only increased in 5-month-old SHR
(Figure 4C and 4D) when LVHwas apparent (Figure 2B and 2C).

Metabolite Profiling
To further assess metabolic changes in SHR hearts, we
performed a detailed metabolite analysis (metabolomics) at
2 months of age. As above studies demonstrate, at this age
hypertension was established, in vivo myocardial glucose
uptake first increased, and EF reduced. The metabolomics
data revealed significant changes not only in the 2 predom-
inant energy-providing metabolic pathways, fatty acid and
glucose metabolism, but also in branched chain amino acid
(BCAA) metabolism that can contribute to energy provision in
the heart. Most remarkably, short-, medium-, and long-chain

Figure 2. Early deteriorating cardiac function, and
development of left ventricular hypertrophy (LVH) in SHR
in vivo. A, Ejection fractions (EF) and B, left ventricular
mass to body weight ratios (LVM/BW), were determined in
SHR (n=8) and WKY (n=5) at 1, 2, 3, and 5 months of age
using CMR. C, Heart weight to body weight ratios ex vivo.
Entire heart weights were determined after dissection
from SHR (n=6) and WKY (n=6) and normalized to body
weight (HW/BW). All data are shown as mean�SE. BW
indicates body weight; CMR, cardiac magnetic resonance;
EF, ejection fraction; HW, heart weight; LVH, left ventric-
ular hypertrophy; LVM, left ventricular mass; SHR, spon-
taneously hypertensive rats; WKY, Wistar Kyoto rats.
*P<0.05 and †P<0.001 SHR vs WKY.
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fatty acyl-carnitines and BCAA-derived carnitines were
increased (Figure 5A and Table S1). Concomitantly, all BCAAs
(leucine, isoleucine, and valine) were modestly elevated and a
few predominantly long-chain free fatty acids were increased
(Figure 5A and Table S1). Changes in glucose metabolism
were reflected in increased pyruvate and lactate and
decreased dihydroxyacetone phosphate levels (Figure 5A
and Table S1). Metabolites within the glycogen breakdown
pathway were decreased while glycogen synthesis intermedi-
ates were unchanged (Table S1). Products of the aldose
reductase/polyol pathway were increased (Table S1). Levels of
Krebs cycle intermediates were similar between SHR and WKY
with the exception of a small decrease in a-ketoglutarate (SHR/
WKY=0.78, P<0.05) that was paired with a similar decrease in
glutamate (SHR/WKY=0.82, P<0.05) but increased glutamine
(SHR/WKY=1.26, P<0.05). Several nucleotide (purine and
pyrimidine) metabolites were substantially decreased in SHR
hearts, but Adenosine Monophosphate (AMP), Adenosine
Diphosphate (ADP), and dihydroorotate levels were elevated
(Table S1). In the nicotinate/nicotinamide and riboflavin
metabolic pathways that generate the electron carriers

nicotinamide adenine dinucleotide (NAD) and flavin adenine
dinucleotide (FAD), metabolites were increased (Table S1).
Within the metabolic pathway responsible for synthesis of
Coenzyme A (CoA), a necessary co-factor for fatty acid and
glucose oxidation, cysteine (SHR/WKY=0.6, P<0.05) and phos-
phopantetheine (SHR/WKY=0.13, P<0.05) were reduced.

Oxidative stress in SHR hearts was indicated by striking
increases in lipid oxidation and peroxidation products (oxidized
fatty acid 4-hydroxy-2-noneal, a major end product of lipid
peroxidation; monohydroxy fatty acids; fatty acid dicarboxy-
lates; eicosanoids; 7-hydroxycholesterol; and long-chain fatty
acid-derived endocannabinoids) (Figure 5A and Table S1).
Although oxidized glutathione (GSSH) was unchanged, reduced
glutathione (GSH) was decreased (SHR/WKY=0.55, 0.05<
P<0.1) and concomitantly the GSH/GSSH ratio. At the same
time the3 amino acids necessary for glutathione synthesiswere
decreased;glutamate (SHR/WKY=0.82,P<0.05), glycine (SHR/
WKY=0.89, P<0.05) and cysteine (SHR/WKY=0.6, P<0.05).
Other notable lipid abnormalities in SHR hearts were changes in
various diacylglycerols, membrane phospholipids, sphin-
golipids, and ceramide levels (Table S1).

Figure 3. Increased glucose uptake and oxidation in isolated perfused SHR hearts. Rates of myocardial
glucose uptake (A and B) and oxidation (C and D) were measured in isolated perfused working hearts of
SHR (n=6) and WKY (n=6) rats at 1, 2, 3, and 5 months of age at normal workload (Baseline) (A and C) and
at increased workload (Afterload) (B and D). All data are shown as mean�SE. SHR indicates spontaneously
hypertensive rats; WKY, Wistar Kyoto rats. *P<0.001 SHR vs WKY.
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Lastly, when circulating levels of the main energy-providing
substrates, FFA, glucose and BCAA, were measured, we found
that total BCAA levels were significantly increased in SHR (SHR/
WKY=1.3), but glucose and free fatty acid levelswerenot different
from WKY (Figure 5B). Serum insulin levels (after 6 hours of
fasting) were also similar between SHR and WKY (Figure 5B).

Discussion
In this study we evaluated time-dependent changes in cardiac
metabolism, function, and structure during the development

of hypertension in male SHR. We observed increased glucose
uptake and oxidation, and profound changes in levels of
metabolites associated with energy provision, oxidative
stress, and inflammation, at early time points during the
development of hypertension (1 and 2 months of age), before
or concomitant with impaired cardiac function (at 2 months of
age). These changes occurred before LVH developed at
5 months of age (this study) and long before HF occurs in
SHR at 24 months.11

Several studies have reported cardiac metabolic abnor-
malities, including increased cardiac glucose uptake and

A B

C D

Figure 4. mTOR and ER stress activation in SHR. A, SHR (n=6) and WKY (n=6) hearts were immunoblotted for phospho-p70S6K (p-p70S6K), a
marker for mTOR activity, total p70S6K, and GAPDH at 1, 2, 3, and 5 months of age. B, Signal intensities for p-p70S6K and p70S6K were
normalized to GAPDH, and p-p70S6K/p70S6K ratios determined. Results were normalized within age groups (for which samples were analyzed
on the same immunoblots) and fold changes reported. C, SHR (n=6) and WKY (n=6) hearts were immunoblotted for GRP78, a marker for
endoplasmic reticulum stress, and GAPDH. D, Signal intensities for GRP78 normalized to GAPDH are presented. Results were normalized within
age groups (for which samples were analyzed on the same immunoblots) and fold changes reported. All data are shown as mean�SE. *P<0.05
and †P<0.001 SHR vs WKY. SHR indicates spontaneously hypertensive rats; WKY, Wistar Kyoto rats.
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myocardial use of glucose for energy provision, in hyperten-
sion-induced LVH and HF in animal models as well as
humans.2,21,22 However, none have evaluated metabolic
changes simultaneously with functional and structural abnor-
malities during the early stages of slowly progressive
hypertension in SHR. A recent study used longitudinal CMR

to quantify LV mass, volume, and cardiac work in SHR and
control WKY hearts at 3, 14 and 21 months of age in vivo.23

Similar to our findings, lower EF was observed in SHR at all
ages. One other study evaluated cardiac structure and
function invasively in SHR over a period of 90 weeks (starting
at 13 weeks of age).24 Decreased cardiac function was

Figure 5. A, Changes in cardiac fatty acid, BCAA, and glucose metabolites and markers of oxidative stress and inflammation in SHR.
Metabolites were analyzed in hearts of SHR (n=9) and WKY (n=10) at 2 months of age as described in S1. Data for biochemicals in raw area
counts were rescaled to set medians equal to 1 and plotted. Data are shown as mean�SE. P<0.05 for all metabolites comparing SHR with
WKY. B, Circulating BCAA, glucose, FFA, and insulin levels in SHR. Total circulating metabolite levels were measured in SHR (n=8) and WKY
(n=8) at 2 months of age. BCAA were significantly higher in SHR (*P<0.05). There were no significant differences in circulating glucose, FFA
and insulin concentrations between SHR and WKY. BCAA indicates branched chain amino acids; FFA; free fatty acids; SHR, spontaneously
hypertensive rats; WKY, Wistar Kyoto rats. *P<0.05.
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present from 52 to 90 weeks of age in SHR along with
significant thickening of the free left ventricular wall indicative
of LVH. Metabolic changes were not evaluated in these
studies with SHR. However, Kato et al25 analyzed gene and
protein expression and metabolite levels in parallel with
measurements of cardiac function, substrate uptake, and
cardiac energy reserve in salt-treated Dahl salt-sensitive rats
at 11 and 17 weeks of age when LVH and congestive HF,
respectively, had developed. They observed increased glucose
uptake at both ages, and normal and decreased fatty acid
uptake at 11 and 17 weeks of age, respectively. Interestingly,
when these rats were treated with a compound known to
enhance glucose oxidation, cardiac function and animal
survival improved, suggesting a causal relationship between
metabolic and functional changes.

The comprehensive metabolite analysis of SHR hearts at
2 months of age offers insights into changes in cardiac
energy metabolism early in hypertension development.
Although glucose use is augmented in SHR hearts, as
indicated by increased glucose uptake and oxidation,
increased pyruvate levels suggest that glycolysis produces
more pyruvate than is oxidized. Surplus pyruvate is then used
for anaerobic glycolysis to produce lactate. Increases in long-,
medium-, and short-chain fatty acyl carnitines are consistent
with fatty acyl-CoA supply to mitochondria exceeding b-
oxidation and/or Krebs cycle flux. Substantially increased
BCAA-carnitines in the presence of only marginally increased
BCAAs in the heart and the circulation suggests increased
metabolism of BCAAs, exceeding the capacity of the Krebs
cycle. The changes in glucose, fatty acid, and BCAA metabo-
lites thus suggest that in response to chronic pressure
overload a surfeit of substrate is available to cardiomyocytes,
but mitochondria cannot keep up with supply and are not able
to produce enough Adenosine Triphosphate (ATP) to meet
increased demand and maintain normal function (as reduced
EF suggests). That increased substrate supply may trigger
cardiac malfunction and hypertrophy is supported by a calorie
restriction study in SHR.26 Consistent with decreased oxida-
tive phosphorylation, enzymatic activities of mitochondrial
complex I and II are significantly reduced in 24-week-old
SHR.27 This may be because of oxidative stress and
inflammatory processes.28 Our metabolomics data support
this hypothesis as we observe increases in proinflammatory
lipid oxidation and peroxidation products that are made when
oxidative stress is present. A limitation of the metabolomics
studies is that they only provide single time point steady state
metabolite measurements. In the future, to clearly identify the
defect(s) responsible for changes in specific metabolites in
SHR hearts, metabolic flux studies will need to be performed.

Metabolomics analyses have been performed on hearts
obtained from acute (transverse aortic constriction mice) and
chronic pressure overload (Dahl salt-sensitive rats) animal

models at different time points during the development of
LVH and HF.29,30 Although all studies report differences in
cardiac metabolite levels, commonalities between the previ-
ous analyses and our data are limited. Similar to the present
study, increased BCAAs leucine and isoleucine were observed
in mouse hearts with LVH 1 week after transverse aortic
constriction, markedly increased fatty acyl-carnitines, hydrox-
ylated and dicarboxylated fatty acids, and lactate in failing
hearts after transverse aortic constriction, and increased
leucine, isoleucine, and pyruvate in Dahl salt-sensitive rats
with congestive HF.25,30 Discrepancies between studies may
be due to differences in mouse and rat models used and
stages in LVH and HF development analyzed.

A recent study of plasma metabolites in HF patients
reported increased long-chain acyl carnitine levels31 that
inversely correlated with left ventricular ejection fraction
(LVEF). Impaired or dysregulated fatty acid oxidation and
spillover of fatty acyl carnitines into the circulation was
considered the likely cause for the elevated long-chain acyl
carnitine levels. This interpretation agrees with our observa-
tion of increased long-chain fatty acyl carnitines in SHR
hearts. Whether circulating long-chain fatty acyl carnitines are
increased in SHR will need to be determined. If increased,
they may serve as markers for impaired cardiac metabolism
during early stages of hypertension.

Changes in BCAA metabolism have only recently been
described in animal models of HF. Increases in BCAA
metabolites were consistently observed,32 but the specific
BCAA metabolites that were changed varied. Sun et al33

found increased branched chain ketoacids but normal levels
of BCAAs together with decreased activities of BCAT
(branched chain amino acid aminotransferase) and BCKDH
(branched chain alpha-keto acid dehydrogenase). We
observed significantly increased levels of BCAA-derived
carnitines and mildly elevated BCAAs suggesting increased
activities of both BCAT and BCKDH. Whether observed
changes reflect different stages in LVH development and
are responsible for cardiac dysfunction and promotion of LVH
remains to be determined. BCAAs, especially leucine, increase
mTOR activity and thereby promote protein synthesis, cellular
metabolism, and cell growth.21 In addition, BCAAs and their
metabolites may also have a direct impact on mitochondrial
function and cellular viability as BCAA abnormalities are
associated with defects in the mitochondrial respiratory
chain.21 Our study shows upregulated mTOR activity that
may be due to elevated leucine, and possibly other signif-
icantly upregulated BCAA metabolites. Also, glutamine,
increased in SHR hearts, could activate mTOR as shown in
neonatal cardiomyocytes.34 A previous study evaluated the
role of mTOR in the development of cardiac hypertrophy in
SHR.35 Consistent with our observation, mTOR activity was
increased by 10 weeks of age. However, in the earlier study it
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returned to normal by 17 weeks while we still observe mTOR
activation at 5 months. Similar to our study, cardiac hyper-
trophy was present by 17, but not 10, weeks of age.
Interestingly, treatment of rats with rapamycin from 13 to
16 weeks reduced cardiac hypertrophy despite increased
blood pressure suggesting a role for increased mTOR activity
in the development of LVH in SHR.35

Typically, decreased glucose oxidation in the presence of
increasedglucoseuptakecharacterizes theendstageofdisease
development,32asweobserved inourearlieracutemousemodel
of transverse aortic constriction induced LVH and HF.6,7

However, in the current study we observed that glucose
oxidation together with glucose uptake was increased in young
SHR hearts (Figure 3). This indicates that during early stages of
hypertension and development of LVH glucose uptake and
oxidation are coupled, and no G6P accrues in the myocardium,
unlike in the transverse aortic constriction model.7 Thus, mTOR
may be activated through different mechanisms depending on
the model used (SHR versus transverse aortic constriction), the
time over which LVH develops (chronic versus acute), or the
stage analyzed during LVH and HF progression.

Although SHR represent a good model to assess metabolic
changes during the early development of hypertension it
needs to be considered that genetic mutations/deletions in
the long chain fatty acid transporter CD36 have been reported
in some strains of SHR.36 In the Charles River/North
American SHR strain (SHR/NCrl) different mRNA transcripts
of CD36 were detected, but FAT/CD36 protein expression
was reduced by only 26% and palmitate uptake was normal in
SHR hearts.37 The Charles River SHR strain we used lacks
CD36 (data not shown) which could affect cardiac metabolism
by limiting long chain fatty acid uptake as observed in CD36
knockout mice.38 However, earlier studies observing normal
fatty acid uptake in hearts of 9 month-old fed SHR and
increased fasting fatty acid uptake rates in hearts of SHR at 8
and 13 months of age12,13 suggest that CD36 is not the only
determinant of fatty acid uptake in SHR hearts. Furthermore,
our metabolomics analysis does not support a limited supply
of long chain fatty acids to SHR hearts.

Ischemia, endothelial dysfunction, or cardiovascular dis-
ease may significantly compromise blood flow in SHR hearts
and thus affect cardiac metabolism. However, when Hernan-
dez et al12 evaluated myocardial blood flow in SHR from 8 to
21 months of age, the authors observed significantly
increased myocardial blood flow in SHR compared with WKY
independent of age. They concluded that elevated myocardial
blood flow in SHR may reflect increased myocardial oxygen
consumption and decreased capillary density in the hypertro-
phied heart. In a mouse model of transverse aortic constric-
tion, previously evaluated in our laboratory, we found that
changes in myocardial metabolism may have preceded and
triggered impaired blood flow in transverse aortic constriction

hearts.39 The temporal and causal relationship between
myocardial metabolism and impaired blood flow in SHR
during the early stages of hypertension will need to be
evaluated in the future.

We used only male SHR in our study. Sex has a major impact
on the development of LVH in response to pressure overload40

and maladaptive cardiac remodeling occurs more likely in men
than in women.41 One study using PET and echocardiography in
hypertension-induced LVH inhumansestablishedabnormalities
inmyocardial fatty acidmetabolismas an independent predictor
of increased left ventricularmassanddysfunction, a relationship
that was stronger in men even after correcting for larger body
mass.42 A recent multimodality imaging study using CMR and
echocardiography observed that men with aortic stenosis
developed LVH with more detrimental abnormalities in left
ventricular structure and function than women.43 The mecha-
nisms responsible for the sex differences remain unclear. In the
future,wewill also evaluate female SHR to establish sex-specific
changes in cardiac metabolism, structure and function.

Conclusion
Our study shows that increased blood pressure in young male
SHR is accompanied by profound myocardial metabolic abnor-
malities that are present before or concomitant with decreased
cardiac function, and before LVH develops. The data suggest
that excess metabolites not used in ATP production and
increased oxidative stress may trigger inflammation and
promote cardiac dysfunction early in response to chronic
hypertension. mTOR activation in SHR, possibly because of
increased BCAAor othermetabolites,may drive increased heart
mass. The sequence of events corroborates the concept
previously formulated by our6,7 and other groups44,45 that early
metabolic abnormalities could serve as antecedent indicators
for hypertension-induced LVH, and early targeting of metabolic
remodeling may offer a novel approach to prevent contractile
dysfunction and structural remodeling in patients with hyper-
tension-induced LVH. Further studies will be required to
establish the sequence and causality of observed metabolic,
functional, and structural abnormalities at the earliest stages of
hypertension. This will include metabolomics analysis at
1 month of age when isolated perfused SHR hearts already
show increased glucose uptake and oxidation but cardiac
function is relatively normal. We propose SHR as a model to
further investigate these issues, and to test metabolic inter-
ventions to prevent LVH and HF.
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Supplemental Methods 

Metabolite Analyses  

Sample Preparation for Global Metabolomics 

 Sample preparation was carried out as described at Metabolon, Inc 1.  Briefly, 

recovery standards were added prior to the first step in the extraction process for quality 

control purposes.  To remove protein, dissociate small molecules bound to protein or 

trapped in the precipitated protein matrix, and to recover chemically diverse metabolites, 

proteins were precipitated with methanol under vigorous shaking for 2 min (Glen Mills 

Genogrinder 2000) followed by centrifugation.  The resulting extract was divided into 

five fractions: two (i.e., early and late eluting compounds) for analysis by ultra-high 

performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS; positive 

ionization), one for analysis by UPLC-MS/MS (negative ionization), one for the UPLC-

MS/MS polar platform (negative ionization), and one sample was reserved for backup. 

 Three types of controls were analyzed in concert with the experimental samples: 

samples generated from a pool of human plasma extensively characterized by 

Metabolon, Inc. or generated from a small portion of each experimental sample of 

interest, served as technical replicate throughout the data set; extracted water samples 

served as process blanks; and a cocktail of standards spiked into every analyzed 

sample allowed instrument performance monitoring. Instrument variability was 



 
 

 
 

determined by calculating the median relative standard deviation (RSD) for the 

standards that were added to each sample prior to injection into the mass 

spectrometers (median RSD typically = 4-6%; N ≥ 30 standards).  Overall process 

variability was determined by calculating the median RSD for all endogenous 

metabolites (i.e., non-instrument standards) present in 100% of the pooled human 

plasma or client matrix samples (median RSD = 10-14%; N = several hundred 

metabolites).  Experimental samples and controls were randomized across the platform 

run. 

Mass Spectrometry (MS) Analysis 

 Non-targeted MS analysis was performed at Metabolon, Inc.  Extracts were 

subjected to UPLC-MS/MS5.  The chromatography was standardized and, once the 

method was validated no further changes were made.  As part of Metabolon’s general 

practice, all columns were purchased from a single manufacturer’s lot at the outset of 

experiments.  All solvents were similarly purchased in bulk from a single manufacturer’s 

lot in sufficient quantity to complete all related experiments.  For each sample, vacuum-

dried samples were dissolved in injection solvent containing eight or more injection 

standards at fixed concentrations, depending on the platform.  The internal standards 

were used both to assure injection and chromatographic consistency.  Instruments were 

tuned and calibrated for mass resolution and mass accuracy daily. 

 The UPLC-MS/MS platform utilized a Waters Acquity UPLC with Waters UPLC 

BEH C18-2.1×100 mm, 1.7 μm columns and a Thermo Scientific Q-Exactive high 

resolution/accurate mass spectrometer interfaced with a heated electrospray ionization 



 
 

 
 

(HESI-II) source and Orbitrap mass analyzer operated at 35,000 mass resolution.  The 

sample extract was dried then reconstituted in acidic or basic LC-compatible solvents, 

each of which contained 8 or more injection standards at fixed concentrations to ensure 

injection and chromatographic consistency.  One aliquot was analyzed using acidic, 

positive ion-optimized conditions and the other using basic, negative ion-optimized 

conditions in two independent injections using separate dedicated columns (Waters 

UPLC BEH C18-2.1x100 mm, 1.7 µm).  Extracts reconstituted in acidic conditions were 

gradient eluted using water and methanol containing 0.1% formic acid, while the basic 

extracts, which also used water/methanol, contained 6.5 mM ammonium bicarbonate.  

A third aliquot was analyzed via negative ionization following elution from a HILIC 

column (Waters UPLC BEH Amide 2.1x150 mm, 1.7 µm) using a gradient consisting of 

water and acetonitrile with 10 mM Ammonium Formate.  The MS analysis alternated 

between MS and data-dependent MS2 scans using dynamic exclusion, and the scan 

range was from 80-1000 m/z.   

Compound Identification, Quantification, and Data Curation 

 Metabolites were identified by automated comparison of the ion features in the 

experimental samples to a reference library of chemical standard entries that included 

retention time, molecular weight (m/z), preferred adducts, and in-source fragments as 

well as associated MS spectra, and were curated by visual inspection for quality control 

using software developed at Metabolon3.  Identification of known chemical entities was 

based on comparison to metabolomic library entries of purified standards.  

Commercially available purified standard compounds have been acquired and 

registered into LIMS for determination of their detectable characteristics.  Additional 



 
 

 
 

mass spectral entries have been created for structurally unnamed biochemicals, which 

have been identified by virtue of their recurrent nature (both chromatographic and mass 

spectral).  These compounds have the potential to be identified by future acquisition of a 

matching purified standard or by classical structural analysis.  Peaks were quantified 

using area-under-the-curve.  Raw area counts for each metabolite in each sample were 

normalized to correct for variation resulting from instrument inter-day tuning differences 

by the median value for each run-day, therefore, setting the medians to 1.0 for each run.  

This preserved variation between samples but allowed metabolites of widely different 

raw peak areas to be compared on a similar graphical scale.  Missing values were 

imputed with the observed minimum after normalization. 



 
 

Table S1. Changes in Cardiac Metabolites in SHR.  

Fold changes (SHR/WKY) of metabolites in hearts of SHR (n=9) vs WKY (n=10) are 

shown. * indicates compounds not confirmed based on a standard but with identity very 

likely. p<0.05 unless ^ 0.05<p<0.1.  

 

Metabolite Name 

 

SHR/WKY 

 

Fatty Acyl Carnitines and Fatty Acids 

Short-chain fatty acid-derived 

acetylcarnitine (C2) 1.11 

2-butenoylcarnitine 1.47 

3-hydroxybutyrylcarnitine  1.39^ 

Medium-chain fatty acid-derived 

hexanoylcarnitine (C6) 1.35 

octanoylcarnitine (C8) 1.69 

5-dodecenoylcarnitine (C12:1) 1.83 

cis-4-decenoylcarnitine (C10:1) 10.77 



 
 

 
 

laurylcarnitine (C12) 2.28 

Long-chain fatty acid-derived 

myristoylcarnitine (C14) 2.71 

palmitoylcarnitine (C16) 2.53 

palmitoleoylcarnitine (C16:1)* 3.10 

stearoylcarnitine (C18) 2.21 

linoleoylcarnitine (C18:2)* 2.93 

oleoylcarnitine (C18:1) 2.49 

arachidoylcarnitine (C20)* 1.98 

arachidonoylcarnitine (C20:4) 2.05 

adrenoylcarnitine (C22:4)* 1.88 

behenoylcarnitine (C22)* 1.97 

dihomo-linoleoylcarnitine (C20:2)* 2.15 

eicosenoylcarnitine (C20:1)* 2.43 

erucoylcarnitine (C22:1)* 2.32 

lignoceroylcarnitine (C24)* 1.72 

margaroylcarnitine (C17)* 1.96 



 
 

 
 

nervonoylcarnitine (C24:1)* 3.20 

ximenoylcarnitine (C26:1)* 2.56 

3-hydroxypalmitoylcarnitine 2.16 

Medium Chain Fatty Acids  

caproate (6:0) 2.10 

Long Chain Fatty Acids 

trans-nonadecenoate (tr 19:1)* 1.89 

arachidate (20:0)  1.24^ 

eicosenoate (20:1) 1.68 

erucate (22:1n9) 1.68 

 

Branched Chain Amino Acid Metabolites 

leucine 1.23 

isovalerylcarnitine (C5) 2.52 

isoleucine 1.17 

alpha-hydroxyisovalerate 0.85 

2-methylbutyrylcarnitine (C5) 1.66 



 
 

 
 

tiglylcarnitine (C5:1-DC) 1.96 

3-hydroxy-2-ethylpropionate 0.79 

ethylmalonate 0.62 

methylsuccinate 0.68 

valine 1.25 

N-acetylvaline 1.47 

3-methyl-2-oxobutyrate  1.52^ 

isobutyrylcarnitine (C4) 1.94 

propionylcarnitine (C3)  

(also fatty acid metabolite) 

1.35 

Carnitine Metabolism 

deoxycarnitine 1.21 

carnitine 1.30 

Triglyceride Synthesis and Lipolysis 

glycerol 3-phosphate 0.25 

glycerol 1.37 

 



 
 

 
 

Glycolysis 

pyruvate 1.85 

lactate 1.24 

dihydroxyacetone phosphate (DHAP) 0.78 

Glycogen Metabolism 

maltohexaose 0.65 

maltopentaose 0.66 

maltotetraose 0.35 

maltotriose 0.49 

maltose 0.69 

Aldose reductase/polyol pathway 

fructose  1.21^ 

mannitol/sorbitol 1.50 

Nucleotide Metabolism 

Purine Metabolism, (Hypo)Xanthine/Inosine  

xanthine 0.92 



 
 

 
 

xanthosine 0.84 

2'-deoxyinosine 0.09 

Purine Metabolism, Adenine 

adenosine 5'-diphosphate (ADP) 1.67^ 

adenosine 5'-monophosphate (AMP) 1.28 

adenosine 3',5'-cyclic monophosphate (cAMP) 0.62 

adenosine 0.80 

adenine 0.69 

N1-methyladenosine 0.38 

N6-carbamoylthreonyladenosine 0.21 

2'-deoxyadenosine 5'-monophosphate 0.02 

2'-deoxyadenosine 0.37 

Purine Metabolism, Guanine 

guanosine 0.20 

guanine 0.04 

7-methylguanine 0.53 

N2,N2-dimethylguanosine 0.06 



 
 

 
 

2'-deoxyguanosine 5'-monophosphate (dGMP) 0.03 

2'-deoxyguanosine 0.03 

Pyrimidine Metabolism, Orotate 

dihydroorotate 1.68 

orotidine 0.78 

Pyrimidine Metabolism, Uracil 

uridine 0.71 

uracil 0.76 

pseudouridine 0.52 

5,6-dihydrouridine 0.69 

5-methyluridine (ribothymidine) 0.18 

2'-deoxyuridine 0.34 

beta-alanine 0.88 

Pyrimidine Metabolism, Cytidine 

cytidine 5'-monophosphate (5'-CMP) 0.88 

cytidine 0.54 

cytosine 0.59 



 
 

 
 

3-methylcytidine 0.41 

5-methylcytidine 0.51 

N4-acetylcytidine 0.37 

2'-deoxycytidine 0.63 

2'-O-methylcytidine 0.53 

5-methyl-2'-deoxycytidine 0.19 

Pyrimidine Metabolism, Thymine 

thymidine 5'-monophosphate 0.65 

thymidine 0.07 

thymine 0.21 

Co Factors and Vitamins 

Nicotinate and Nicotinamide Metabolism 

nicotinate ribonucleoside 1.77 

nicotinamide 1.09 

1-methylnicotinamide 3.62 

Riboflavin Metabolites 

riboflavin (Vitamin B2) 1.54 



 
 

 
 

flavin adenine dinucleotide (FAD) 1.27 

Markers of Oxidative Stress 

Glutathione Metabolism 

glutathione, reduced (GSH) 0.55^ 

4-hydroxy-nonenal-glutathione 1.94 

Oxidized Fatty Acids 

4-hydroxy-2-nonenal 3.39 

Monohydroxy Fatty Acids 

2-hydroxyheptanoate* 2.88 

8-hydroxyoctanoate 1.37 

13-HODE + 9-HODE 2.28 

14-HDoHE/17-HDoHE 1.86 

Fatty Acid Dicarboxylates 

glutarate (C5-DC) 2.36 

2-hydroxyglutarate 0.75 

2-hydroxyadipate 2.78 

maleate 1.38 



 
 

 
 

azelate (C9-DC) 1.35 

Eicosanoids 

  5-HETE 2.97 

12-HETE 1.93 

15-HETE 2.14 

12-HHTrE 1.60 

  5-KETE 5.28 

Endocannabinoids 

palmitoyl ethanolamide 1.38 

stearoyl ethanolamide 1.49 

arachidonoyl ethanolamide 1.69 

Sterols 

cholesterol 1.41 

7-hydroxycholesterol (alpha or beta) 2.79 

Other Lipid Metabolites 

Diacylglycerol 

palmitoyl-oleoyl-glycerol (16:0/18:1) [2]* 2.40 



 
 

 
 

palmitoyl-arachidonoyl-glycerol (16:0/20:4) [2]* 1.66 

palmitoyl-docosahexaenoyl-glycerol (16:0/22:6) [2]* 1.48 

stearoyl-linoleoyl-glycerol (18:0/18:2) [2]* 2.25 

stearoyl-arachidonoyl-glycerol (18:0/20:4) [1]* 1.63 

stearoyl-arachidonoyl-glycerol (18:0/20:4) [2]* 1.63 

oleoyl-arachidonoyl-glycerol (18:1/20:4) [2]* 1.69 

linoleoyl-arachidonoyl-glycerol (18:2/20:4) [2]* 1.51 

stearoyl-docosahexaenoyl-glycerol (18:0/22:6) [2]* 1.59 

Phospholipids 

choline 1.09 

phosphoethanolamine 0.86 

cytidine-5'-diphosphoethanolamine 0.28 

glycerophosphoethanolamine 1.27 

glycerophosphoserine* 1.23 

glycerophosphoinositol* 1.14 

Phosphatidylcholine 

1-myristoyl-2-palmitoyl-GPC (14:0/16:0) 0.85 



 
 

 
 

1,2-dipalmitoyl-GPC (16:0/16:0) 1.17 

1-palmitoyl-2-stearoyl-GPC (16:0/18:0) 1.26 

1-palmitoyl-2-linoleoyl-GPC (16:0/18:2) 1.31 

1-palmitoyl-2-gamma-linolenoyl-GPC (16:0/18:3n6)* 1.24 

1-palmitoleoyl-2-linoleoyl-GPC (16:1/18:2)* 1.40^ 

1-stearoyl-2-oleoyl-GPC (18:0/18:1) 1.33 

1-stearoyl-2-linoleoyl-GPC (18:0/18:2)* 1.57 

1-stearoyl-2-arachidonoyl-GPC (18:0/20:4) 1.22 

1-stearoyl-2-docosahexaenoyl-GPC (18:0/22:6) 1.19 

1-oleoyl-2-linoleoyl-GPC (18:1/18:2)* 1.31 

1,2-dilinoleoyl-GPC (18:2/18:2) 1.49 

1-linoleoyl-2-linolenoyl-GPC (18:2/18:3)* 1.47 

1-linoleoyl-2-arachidonoyl-GPC (18:2/20:4n6)* 1.28 

Phosphatidylethanolamine (PE) 

1-palmitoyl-2-oleoyl-GPE (16:0/18:1) 1.28 

1-palmitoyl-2-linoleoyl-GPE (16:0/18:2) 1.47 

1-palmitoyl-2-arachidonoyl-GPE (16:0/20:4)* 1.29 



 
 

 
 

1-palmitoyl-2-docosahexaenoyl-GPE (16:0/22:6)* 1.24 

1-stearoyl-2-linoleoyl-GPE (18:0/18:2)* 1.54 

1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) 1.22 

1-oleoyl-2-linoleoyl-GPE (18:1/18:2)* 1.70 

1-oleoyl-2-arachidonoyl-GPE (18:1/20:4)* 1.38 

1,2-dilinoleoyl-GPE (18:2/18:2)* 1.92 

1-linoleoyl-2-arachidonoyl-GPE (18:2/20:4)* 1.43 

Phosphatidylglycerol (PG) 

1-palmitoyl-2-oleoyl-GPG (16:0/18:1) 1.28 

1-palmitoyl-2-linoleoyl-GPG (16:0/18:2) 1.39 

1-stearoyl-2-oleoyl-GPG (18:0/18:1) 1.71 

1-stearoyl-2-linoleoyl-GPG (18:0/18:2)* 1.44 

Phosphatidylinositol (PI) 

1-stearoyl-2-linoleoyl-GPI (18:0/18:2) 1.38 

1-stearoyl-2-arachidonoyl-GPI (18:0/20:4) 1.24 

Lysophospholipid 

1-palmitoyl-GPC (16:0) 1.41 



 
 

 
 

1-palmitoleoyl-GPC (16:1)* 1.43 

1-stearoyl-GPC (18:0) 1.59 

1-oleoyl-GPC (18:1) 1.53 

1-linoleoyl-GPC (18:2) 1.63 

1-linolenoyl-GPC (18:3)* 1.67 

1-palmitoyl-GPE (16:0) 1.76 

1-stearoyl-GPE (18:0) 1.56 

1-oleoyl-GPE (18:1) 1.82 

1-linoleoyl-GPE (18:2)* 1.87 

1-stearoyl-GPS (18:0)* 1.30 

Sphingolipids 

sphinganine 1.34 

N-palmitoyl-sphinganine (d18:0/16:0) 1.72 

palmitoyl dihydrosphingomyelin (d18:0/16:0)* 1.20 

behenoyl dihydrosphingomyelin (d18:0/22:0)* 1.62 

palmitoyl sphingomyelin (d18:1/16:0) 1.24 

stearoyl sphingomyelin (d18:1/18:0) 1.28 



 
 

 
 

behenoyl sphingomyelin (d18:1/22:0)* 1.34 

sphingomyelin (d18:2/16:0, d18:1/16:1)* 1.35 

sphingomyelin (d18:1/17:0, d17:1/18:0, d19:1/16:0) 1.21 

sphingomyelin (d18:1/18:1, d18:2/18:0) 1.44 

sphingomyelin (d18:1/20:0, d16:1/22:0)* 1.53 

sphingomyelin (d18:1/20:1, d18:2/20:0)* 1.33 

sphingomyelin (d18:1/21:0, d17:1/22:0, d16:1/23:0)* 1.45 

sphingomyelin (d18:1/24:1, d18:2/24:0)* 1.54 

sphingomyelin (d18:2/24:1, d18:1/24:2)* 1.17 

sphingosine 1.32 

sphingomyelin (d18:1/25:0, d19:0/24:1, d20:1/23:0, 

d19:1/24:0)* 
1.96 

sphingomyelin (d18:1/22:2, d18:2/22:1, d16:1/24:2)* 1.48 

sphingomyelin (d18:0/20:0, d16:0/22:0)* 1.88^ 

sphingomyelin (d18:0/18:0, d19:0/17:0)* 1.58 

sphingomyelin (d18:1/19:0, d19:1/18:0)* 1.36 

lactosyl-N-arachidoyl-sphingosine (d18:1/20:0)* 1.53 



 
 

 
 

Ceramides 

N-palmitoyl-sphingosine (d18:1/16:0) 1.27 

N-stearoyl-sphingosine (d18:1/18:0)* 1.48 

glycosyl-N-stearoyl-sphingosine (d18:1/18:0) 1.67 

lactosyl-N-stearoyl-sphingosine (d18:1/18:0)* 1.86 

glycosyl ceramide (d18:1/20:0, d16:1/22:0)* 1.52 
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