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Abstract: Metabolic disease resulting from overnutrition is prevalent and rapidly increasing in
incidence in modern society. Time restricted feeding (TRF) dietary regimens have recently shown
promise in attenuating some of the negative metabolic effects associated with chronic nutrient
stress. The purpose of this study is to utilize a multi-tissue metabolomics approach using nuclear
magnetic resonance (NMR) spectroscopy to investigate TRF and sex-specific effects of high-fat diet in
a diurnal Nile grass rat model. Animals followed a six-week dietary protocol on one of four diets:
chow ad libitum, high-fat ad libitum (HF-AD), high-fat early TRF (HF-AM), or high-fat late TRF
(HF-PM), and their liver, heart, and white adipose tissues were harvested at the end of the study and
were analyzed by NMR. Time-domain complete reduction to amplitude–frequency table (CRAFT)
was used to semi-automate and systematically quantify metabolites in liver, heart, and adipose
tissues while minimizing operator bias. Metabolite profiling and statistical analysis revealed lipid
remodeling in all three tissues and ectopic accumulation of cardiac and hepatic lipids for HF-AD
feeding compared to a standard chow diet. Animals on TRF high-fat diet had lower lipid levels
in the heart and liver compared to the ad libitum group; however, no significant differences were
noted for adipose tissue. Regardless of diet, females exhibited greater amounts of hepatic lipids
compared to males, while no consistent differences were shown in adipose and heart. In conclusion,
this study demonstrates the feasibility of performing systematic and time-efficient multi-tissue NMR
metabolomics to elucidate metabolites involved in the crosstalk between different metabolic tissues
and provides a more holistic approach to better understand the etiology of metabolic disease and the
effects of TRF on metabolic profiles.

Keywords: NMR; dietary metabolomics; high-fat diet; time-restricted feeding; metabolic syndrome;
Nile grass rats; time-domain NMR

1. Introduction

Metabolic syndrome (MetS), a cluster of interrelated metabolic abnormalities character-
ized by obesity, insulin resistance, hypertension, and hyperlipidemia, has been increasing
in prevalence, with ~35% of the United States population affected as of 2016, leading to its
status today as a global epidemic [1–3]. MetS is a collection of conditions with no singular
cause and is affected by genetics and environmental factors including sedentary lifestyle,
physical inactivity, and dietary habits [4,5]. The epidemic of MetS is unlikely to be reduced
without societal lifestyle changes [2], and some diet regimens have proven effective to
reduce risk factors of metabolic disease [6]. Time-restricted feeding (TRF) is one such diet
regimen in which food intake is limited to a set window of time each day, with fasting for
the remaining time [7]. TRF has been increasing in popularity and has a relatively high
compliance rate as there are no restrictions regarding what foods may be eaten, and food
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intake is ad libitum during the set window, unlike traditional fasting where caloric intake
is restricted [8–10].

Circadian rhythm is an important regulator of metabolism in mammals that results in
daily temporal oscillations in gene expression. Many genes fundamental to metabolism are
expressed in the liver, and food intake is an important driver of their rhythmic oscillations
in expression [11,12]. Prolonged and erratic daily eating periods are common in the United
States and are associated with chronic metabolic disorder [13,14]. Irregular meal timing
negatively impacts circadian metabolism, resulting in attenuated gene expression and
metabolic inefficiency, whereas TRF seeks to align timing of daily food intake to improve
metabolic function [13,15]. Previous studies suggest that TRF can be an effective strategy
for weight loss and prevention of common chronic metabolic diseases such as obesity and
type 2 diabetes [13,15].

MetS disrupts whole-body energy metabolism and affects multiple metabolically
active tissues. In MetS, lipid regulation in white adipose tissue is disturbed, and excess
energy intake triggers triglyceride accumulation in non-adipose organs such as the liver,
heart, and skeletal muscle. It is important to understand the relationship between diet and
tissue-level metabolomics, as there exists a great deal of crosstalk between metabolically
active tissues that regulates the progression of diet-induced obesity into MetS [16–21]. Many
dietary metabolomics studies focus on biofluids such as serum and urine for investigating
metabolite changes, as they are easily accessible [22–24]. However, a previous study
demonstrated that measurement of liver metabolites better reflects the metabolic effects
of nutritional challenge compared to serum metabolites [25]. Profiling multiple metabolic
organs can provide a more holistic approach and elucidate metabolites and biochemical
pathways implicated in leading to MetS in this crosstalk. Only a limited number of studies
to date have taken a tissue-level metabolomics approach to understanding TRF [25,26], but
none of them performed multi-tissue metabolomics to understand the tissue crosstalk in
MetS and the attenuating effects of TRF in multiple metabolic organs.

Nuclear magnetic resonance (NMR) spectroscopy is one of the primary analytical
techniques used in metabolomics, along with mass spectrometry. Although mass spec-
trometry has a lower detection limit and can detect more metabolites, NMR has distinct
advantages with its inherent nondestructive and quantitative nature, high reproducibility,
relatively simple sample preparation, and the ability to detect and quantify numerous
metabolites in a single NMR spectrum, hence making it an excellent high-throughput tech-
nique [27]. Further, isotopic labels are less complex to implement in NMR experiments, and
metabolites of interest may possibly be detected by high-field magnetic resonance imaging
(MRI) for noninvasive diagnosis and monitoring of diseases [28,29]. NMR analysis can
provide a wealth of information regarding nutrition and health status and has been used to
investigate the content of food at a molecular level [30], the effects of dietary intake [22,24],
and metabolic responses in disease states [22,24].

NMR-based metabolomics is conventionally performed in the frequency domain and
requires extensive spectral preprocessing in the form of apodization, zero-filling, and
phase and baseline correction, followed by quantification by either integration or peak
fitting [29]. These steps are time- and labor-intensive for analyzing cohorts of metabolomics
data and can introduce user bias and inter-operator variability in metabolite quantifica-
tion [31]. In this study, we investigate time-domain NMR parameter estimation using
the complete reduction to amplitude–frequency table (CRAFT) workflow [31–33], which
uses Bayesian probability theory to provide reproducible and optimal parameter esti-
mates [31,34]. CRAFT simplifies critical metabolite identification and quantification steps
of frequency and amplitude determination by bypassing the drawbacks associated with
conventional frequency-domain NMR and can increase accuracy and automation for multi-
tissue metabolomics.

Hence, the purpose of this study is to use CRAFT time-domain NMR analysis for
metabolic profiling of liver, heart, and white adipose tissues in order to better understand
the sex-specific and tissue-level responses to high-fat ad libitum and TRF diet regimens.
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In this study, the TRF protocol consisted of a six-hour feeding window followed by 18 h
of fasting. Both early and late TRF protocols are evaluated, where eating is limited to
the first or last six hours of a 12 h light cycle, respectively. Most animal studies to date
have only examined TRF outcomes in nocturnal animals using either males [26,35–38]
or females [39,40] rather than both. The current study investigates TRF in both sexes, as
males and females handle many major metabolic functions such as fat storage and energy
homeostasis differently [41,42]. In this study, Nile grass rats (NGR) were selected as the
model animal as they are diurnal and have circadian regulation that is similar to humans.
They also develop the constellation of MetS symptoms solely through dietary manipulation
(no genetic or chemical alterations) and mimic much of the disease progression observed in
humans [43–45].

The functional outcomes of the animal cohort used in this study were previously
reported, demonstrating that high-fat TRF protocols had significantly lower weight gain
and food consumption compared to high-fat ad libitum feeding [46]. Further, early TRF
resulted in improved hepatic clock gene expression, lower liver weight, and reduced fasting
blood glucose levels compared to ad libitum eating. However, no significant differences
were detected for fasting insulin or plasma triglyceride levels for TRF compared to ad
libitum. Sex differences were also noted in the previous study, with females having heavier
livers and males having heavier gonadal white adipose tissue [46]. Complementary to the
published functional outcomes, the objectives of the current study are to systematically
investigate multi-tissue metabolomics and identify sex and tissue-level metabolomic differ-
ences between high-fat ad libitum and TRF protocols to better understand the development
of MetS.

2. Results

Chemical shift fingerprints for aqueous and lipid metabolites, respectively, are sys-
tematically applied for all tissue samples, with a representative lipid fingerprint shown in
Figure 1. Summarized below are the dietary changes with respect to high-fat ad libitum
(HF-AD), early TRF (HF-AM), late TRF (HF-PM), and sex differences observed in the
metabolite concentrations for different tissues.
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fingerprints are shown for targeted lipid resonances. Abbreviations: Tg, triglycerides; PC, phos-
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Figure 1. Representative cardiac, hepatic, and adipose lipid spectra obtained from a male Nile grass
rat fed with a high-fat, time-restricted, evening feeding diet using proton nuclear magnetic resonance
(1H-NMR) spectroscopy. Complete reduction to amplitude–frequency table (CRAFT) fingerprints
are shown for targeted lipid resonances. Abbreviations: Tg, triglycerides; PC, phosphatidylcholine;
SM, sphingomyelin; PE, phosphatidylethanolamine; DMSO2, dimethyl sulfone; LA, linoleic acid;
DHA, docosahexaenoic acid; MUFA, monounsaturated fatty acids; Om3, omega-3 fatty acids; TFA
(TFA* + Om3), total fatty acids; TC, total cholesterol; –CH=CH–, olefinic protons.

2.1. High-Fat Ad Libitum versus Chow

Two-way ANOVA revealed changes induced by ad libitum high-fat feeding that
led to statistically significant differences in some measurable metabolite concentration in
the liver, heart, and adipose tissues compared to rats eating standard chow, as shown in
Tables 1 and 2 for lipids and aqueous metabolites, respectively. A heatmap summarizing
ANOVA is displayed in Figure 2.
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Table 1. Hepatic, cardiac, and adipose lipid concentrations (mM) indicated as mean ± standard deviation for both male and female chow and high-fat ad libitum
(HF-AD) groups.

Liver Heart Adipose

Male Female p-Values Male Female p-Values Male Female p-Values

Chow
(n =3 )

HF-AD
(n = 5)

Chow
(n = 3)

HF-AD
(n = 5) Sex Diet Chow

(n = 4)
HF-AD
(n = 5)

Chow
(n = 3)

HF-AD
(n = 5) Sex Diet Chow

(n = 4)
HF-AD
(n = 5)

Chow
(n = 3)

HF-AD
(n = 5) Sex Diet

Om3 4.4 ± 1.2 5.7 ± 2 9.5 ± 1 8.2 ± 2.3 0.002 f 1.00 0.91 ± 0.16 0.77 ± 0.17 0.87 ± 0.04 0.88 ± 0.2 0.54 0.36 1.91 ± 0.96 1.05 ± 0.44 1.34 ± 0.29 0.88 ± 0.1 0.19 0.028 0

Tg 7.9 ± 3.1 30.6 ± 15.8 30.8 ± 10.1 68.6 ± 21.8 0.003 f 0.003 * 0.12 ± 0.12 0.36 ± 0.12 0.2 ± 0.06 0.35 ± 0.2 0.68 0.017 * 22.2 ± 11.6 22.8 ± 2.9 20.9 ± 3.6 21.8 ± 3.7 0.72 0.81
TFA 49.6 ± 8 103.3 ± 37.5 121.4 ± 21.6 205.8 ± 41.7 <0.001 f 0.002 * 8.2 ± 0.7 10.2 ± 1.3 8.3 ± 0.12 10.5 ± 0.61 0.51 <0.001 * 66.2 ± 32.4 68.2 ± 11.6 63.9 ± 12.1 67.7 ± 13.3 0.89 0.76
LA 6.1 ± 0.8 14.3 ± 5.7 18.6 ± 7.4 51.5 ± 39.5 0.06 0.11 0.39 ± 0.08 0.32 ± 0.06 0.31 ± 0.09 0.42 ± 0.07 0.88 0.26 33.8 ± 15.6 25.4 ± 3.4 30.9 ± 6.1 24.4 ± 3.7 0.10 0.65

UFA 32.4 ± 4.8 63.7 ± 20.1 86.6 ± 21.8 130.1 ± 25.4 0.005 f <0.001 * 6.2 ± 0.7 6.55 ± 1 5.4 ± 0.89 7.3 ± 0.98 0.68 0.06 51.2 ± 24.1 47.8 ± 14.2 44.7 ± 7.5 43.9 ± 10.6 0.51 0.79
SFA 17.1 ± 3.7 39.6 ± 18.5 34.8 ± 1.8 75.7 ± 20.6 0.007 f 0.002 * 2.0 ± 0.3 3.6 ± 0.66 2.8 ± 0.77 3.1 ± 0.78 0.77 0.007 * 15.0 ± 11.3 20.3 ± 4.2 19.2 ± 6.3 23.8 ± 3.7 0.27 0.16

MUFA 7.6 ± 2.5 28.4 ± 14.4 26.1 ± 5.4 63.8 ± 12.7 <0.001 f <0.001 * 0.90 ± 0.2 1.4 ± 0.22 0.7 ± 0.01 1.3 ± 0.22 0.30 <0.001 * 16.4 ± 6.6 24 ± 1.8 20 ± 4.4 25 ± 4.7 0.32 0.016 *
PUFA 24.8 ± 3.7 35.3 ± 9 60.5 ± 17.1 66.3 ± 14.5 <0.001 f 0.22 5.3 ± 0.7 5.2 ± 0.9 4.7 ± 0.88 6.0 ± 0.88 0.49 0.35 34.9 ± 17.7 23.9 ± 14.2 24.7 ± 5.7 18.9 ± 6 0.23 0.19

UFA-% 66 ± 3% 63 ± 7% 71 ± 6% 63 ± 5% 0.36 0.11 75 ± 4% 64 ± 5% 66 ± 10% 70 ± 8% 0.80 0.18 77 ± 10% 69 ± 8% 70 ± 5% 64 ± 4% 0.13 0.08
SFA-% 34 ± 3% 37 ± 7% 29 ± 6% 37 ± 5% 0.36 0.11 25 ± 4% 36 ± 5% 34 ± 10% 30 ± 8% 0.80 0.18 18 ± 10% 31 ± 8% 30 ± 5% 36 ± 4% 0.13 0.08

MUFA-% 15 ± 3% 26 ± 7% 21 ± 1% 31 ± 1% 0.013 f <0.001 * 11 ± 2% 14 ± 2% 9 ± 0.1% 12 ± 2% 0.11 0.005 * 21 ± 9% 36 ± 5% 31 ± 2% 37 ± 1% 0.040 f 0.001 *
PUFA-% 50 ± 6% 37 ± 6% 49 ± 7% 32 ± 5% 0.54 0.004 0 64 ± 6% 51 ± 5% 57 ± 10% 57 ± 7% 0.80 0.033 0 44 ± 21% 33 ± 13% 39 ± 8% 27 ± 4% 0.40 0.11

SFA/UFA 0.53 ± 0.08 0.6 ± 0.16 0.42 ± 0.16 0.59 ± 0.13 0.40 0.11 0.33 ± 0.08 0.56 ± 0.13 0.54 ± 0.23 0.44 ± 0.18 0.81 0.22 0.31 ± 0.15 0.46 ± 0.15 0.43 ± 0.11 0.56 ± 0.10 0.13 0.06
TC 1.9 ± 0.3 5.1 ± 1.5 2.8 ± 1 4.3 ± 2.9 0.95 0.035 * 0.39 ± 0.04 0.40 ± 0.06 0.36 ± 0.02 0.42 ± 0.04 0.66 0.15 - - - - - -
PC 3.2 ± 0.3 2.8 ± 0.5 3.4 ± 0.4 2.5 ± 0.7 0.89 0.031 0 1.31 ± 0.14 1.41 ± 0.14 1.13 ± 0.02 1.46 ± 0.15 0.62 0.022 * - - - - - -
PE 1.8 ± 0.2 1.7 ± 0.3 1.6 ± 0.3 1.4 ± 0.8 0.40 0.64 1.29 ± 0.17 1.16 ± 0.77 1.08 ± 0.06 1.38 ± 0.32 0.69 0.43 - - - - - -
SM 0.3 ± 0 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.24 0.45 0.06 ± 0.01 0.08 ± 0.04 0.06 ± 0.01 0.08 ± 0.01 0.72 0.18 - - - - - -

DHA - - - - - - 1.1 ± 0.3 1.1 ± 0.06 1.1 ± 0.06 1.3 ± 0.25 0.52 0.93 - - - - - -

Two-way ANOVA was used to determine main effects of sex, diet, and interaction on lipid compositions with Holm–Sidak post-hoc testing. Bolded cells show significance using
the following symbols to denote differences: * for HF-AD higher than chow, 0 for HF-AD lower than chow, f for female higher than males. Abbreviations: Tg = triglycerides;
PC = phosphatidylcholine; SM = sphingomyelin; PE = phosphatidylethanolamine; LA = linoleic acid; DHA = docosahexaenoic acid; MUFA = monounsaturated fatty acids;
PUFA = polyunsaturated fatty acids; UFA = unsaturated fatty acids; SFA = saturated fatty acids; Om3 = omega-3 fatty acids; TFA = total fatty acids; TC = total cholesterol.
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Table 2. Hepatic and cardiac aqueous metabolite concentrations (mM) indicated as mean ± standard deviation for both male and female chow and high-fat ad
libitum (HF-AD) groups.

Liver Heart

Male Female p-Values Male Female p-Values

Chow
(n = 3)

HF-AD
(n = 5)

Chow
(n = 3)

HF-AD
(n = 5) Sex Diet Chow

(n = 4)
HF-AD
(n = 5)

Chow
(n = 3)

HF-AD
(n = 5) Sex Diet

Glucose 12.5 ± 1.2 9.9 ± 3.1 5.1 ± 1.8 5.9 ± 2.3 <0.001 m 0.47 0.28 ± 0.06 0.43 ± 0.23 0.21 ± 0.02 3.81 ± 7.65 0.45 0.40
Lactate 2.2 ± 0.3 1.3 ± 0.2 1.5 ± 0.4 1.8 ± 0.9 0.71 0.37 1.40 ± 0.20 1.27 ± 0.40 1.42 ± 0.36 2.61 ± 2.22 0.36 0.43
Alanine 0.58 ± 0.12 0.43 ± 0.16 0.48 ± 0.07 0.42 ± 0.08 0.36 0.10 0.21 ± 0.05 0.20 ± 0.10 0.19 ± 0.05 0.35 ± 0.27 0.53 0.48
Acetate 0.27 ± 0.03 0.19 ± 0.02 0.2 ± 0.04 0.15 ± 0.04 0.006 m 0.002 0 0.02 ± 0.03 0.02 ± 0.003 0.02 ± 0.01 0.04 ± 0.04 0.48 0.33
Choline 0.10 ± 0.08 0.12 ± 0.06 0.13 ± 0.05 0.10 ± 0.05 0.80 0.75 0.01 ± 0.08 0.01 ± 0.004 0.01 ± 0.002 0.03 ± 0.03 0.35 0.37
Creatine 0.31 ± 0.27 0.20 ± 0.13 0.18 ± 0.07 0.07 ± 0.03 0.09 0.16 0.77 ± 0.17 0.62 ± 0.08 0.78 ± 0.18 0.67 ± 0.34 0.81 0.28
Inosine 1.01 ± 0.16 0.72 ± 0.25 0.99 ± 0.18 0.51 ± 0.16 0.28 0.003 0 0.32 ± 0.09 0.27 ± 0.07 0.33 ± 0.09 0.32 ± 0.13 0.54 0.52

Fumarate 0.07 ± 0.02 0.07 ± 0.04 0.04 ± 0.002 0.04 ± 0.02 0.042 m 0.80 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.002 0.03 ± 0.005 0.63 0.22
Succinate 0.71 ± 0.16 0.63 ± 0.21 0.5 ± 0.11 0.26 ± 0.22 0.015 m 0.13 0.08 ± 0.01 0.07 ± 0.03 0.08 ± 0.05 0.07 ± 0.01 0.93 0.24

Glutamine 1.9 ± 0.3 1.5 ± 0.3 1.3 ± 0.1 0.7 ± 0.3 <0.001 m 0.003 0 0.32 ± 0.09 0.35 ± 0.11 0.38 ± 0.15 0.34 ± 0.05 0.54 0.95
Glutamate 1.2 ± 0.3 1.1 ± 0.4 1.1 ± 0.3 0.8 ± 0.5 0.53 0.35 0.45 ± 0.05 0.35 ± 0.06 0.44 ± 0.09 0.38 ± 0.15 0.82 0.11
Gmi/Gma 1.7 ± 0.2 1.5 ± 0.6 1.2 ± 0.2 1.3 ± 1.0 0.37 0.93 0.71 ± 0.23 1.03 ± 0.31 0.86 ± 0.23 1.0 ± 0.33 0.69 0.13
Aspartate 0.08 ± 0.01 0.06 ± 0.01 0.04 ± 0.03 0.06 ± 0.03 0.15 0.86 0.13 ± 0.07 0.15 ± 0.01 0.25 ± 0.10 0.25 ± 0.06 0.003 f 0.68

3-hydroxybutyrate 0.71 ± 0.02 0.12 ± 0.05 0.13 ± 0.03 0.14 ± 0.21 0.73 0.84 0.03 ± 0.01 0.04 ± 0.02 0.02 ± 0.01 0.05 ± 0.05 0.81 0.13
Valine 0.14 ± 0.02 0.11 ± 0.02 0.14 ± 0.07 0.09 ± 0.02 0.71 0.024 0 - - - - - -

Isoleucine 0.11 ± 0.03 0.11 ± 0.12 0.35 ± 0.07 0.04 ± 0.01 0.05 0.002 0 - - - - - -
Formate 0.04 ± 0.04 0.08 ± 0.06 0.05 ± 0.01 0.05 ± 0.03 0.50 0.39 - - - - - -
Histidine 0.11 ± 0.03 0.09 ± 0.02 0.08 ± 0.04 0.06 ± 0.01 0.025 m 0.14 - - - - - -
Creatinine 0.03 ± 0.03 0.04 ± 0.01 0.06 ± 0.01 0.02 ± 0.02 0.49 0.06 - - - - - -

Leucine 0.17 ± 0.07 0.11 ± 0.05 0.14 ± 0.05 0.09 ± 0.04 0.38 0.047 0 - - - - - -
Niacinamide 0.10 ± 0.04 0.07 ± 0.01 0.07 ± 0.01 0.05 ± 0.02 0.038 m 0.025 0 - - - - - -

Phenylalanine 0.05 ± 0.01 0.03 ± 0.02 0.03 ± 0.01 0.02 ± 0.02 0.033 m 0.07 - - - - - -
Tyrosine 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.003 0.01 ± 0.01 0.010 m 0.013 0 - - - - - -

Hypoxanthine - - - - - - 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.09 ± 0.08 0.35 0.27
Methionine - - - - - - 0.05 ± 0.02 0.04 ± 0.02 0.04 ± 0.02 0.06 ± 0.03 0.66 0.93

Taurine - - - - - - 0.74 ± 0.28 0.63 ± 0.21 0.63 ± 0.21 0.78 ± 0.21 0.67 0.94

Two-way ANOVA was used to determine main effects of sex, diet, and interaction on aqueous compositions with Holm-Sidak post-hoc testing. Bolded cells show significance using the
following symbols to denote differences: 0 for HF-AD lower than chow, m for male higher than females, f for female higher than males. Abbreviations: Gmi/Gma = ratio of glutamine
to glutamate.
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Alanine 0.58 ± 0.12 0.43 ± 0.16 0.48 ± 0.07 0.42 ± 0.08 0.36 0.10 0.21 ± 0.05 0.20 ± 0.10 0.19 ± 0.05 0.35 ± 0.27 0.53 0.48 
Acetate 0.27 ± 0.03 0.19 ± 0.02 0.2 ± 0.04 0.15 ± 0.04 0.006 m 0.002 ⁰ 0.02 ± 0.03 0.02 ± 0.003 0.02 ± 0.01 0.04 ± 0.04 0.48 0.33 
Choline 0.10 ± 0.08 0.12 ± 0.06 0.13 ± 0.05 0.10 ± 0.05 0.80 0.75 0.01 ± 0.08 0.01 ± 0.004 0.01 ± 0.002 0.03 ± 0.03 0.35 0.37 
Creatine 0.31 ± 0.27 0.20 ± 0.13 0.18 ± 0.07 0.07 ± 0.03 0.09 0.16 0.77 ± 0.17 0.62 ± 0.08 0.78 ± 0.18 0.67 ± 0.34 0.81 0.28 
Inosine 1.01 ± 0.16 0.72 ± 0.25 0.99 ± 0.18 0.51 ± 0.16 0.28 0.003 ⁰ 0.32 ± 0.09 0.27 ± 0.07 0.33 ± 0.09 0.32 ± 0.13 0.54 0.52 

Fumarate 0.07 ± 0.02 0.07 ± 0.04 0.04 ± 0.002 0.04 ± 0.02 0.042 m 0.80 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.002 0.03 ± 0.005 0.63 0.22 
Succinate 0.71 ± 0.16 0.63 ± 0.21 0.5 ± 0.11 0.26 ± 0.22 0.015 m 0.13 0.08 ± 0.01 0.07 ± 0.03 0.08 ± 0.05 0.07 ± 0.01 0.93 0.24 

Glutamine 1.9 ± 0.3 1.5 ± 0.3 1.3 ± 0.1 0.7 ± 0.3 <0.001 m 0.003 ⁰ 0.32 ± 0.09 0.35 ± 0.11 0.38 ± 0.15 0.34 ± 0.05 0.54 0.95 
Glutamate 1.2 ± 0.3 1.1 ± 0.4 1.1 ± 0.3 0.8 ± 0.5 0.53 0.35 0.45 ± 0.05 0.35 ± 0.06 0.44 ± 0.09 0.38 ± 0.15 0.82 0.11 
Gmi/Gma 1.7 ± 0.2 1.5 ± 0.6 1.2 ± 0.2 1.3 ± 1.0 0.37 0.93 0.71 ± 0.23 1.03 ± 0.31 0.86 ± 0.23 1.0 ± 0.33 0.69 0.13 
Aspartate 0.08 ± 0.01 0.06 ± 0.01 0.04 ± 0.03 0.06 ± 0.03 0.15 0.86 0.13 ± 0.07 0.15 ± 0.01 0.25 ± 0.10 0.25 ± 0.06 0.003 f 0.68 

3-hydroxybutyrate 0.71 ± 0.02 0.12 ± 0.05 0.13 ± 0.03 0.14 ± 0.21 0.73 0.84 0.03 ± 0.01 0.04 ± 0.02 0.02 ± 0.01 0.05 ± 0.05 0.81 0.13 
Valine 0.14 ± 0.02 0.11 ± 0.02 0.14 ± 0.07 0.09 ± 0.02 0.71 0.024 ⁰ - - - - - - 

Isoleucine 0.11 ± 0.03 0.11 ± 0.12 0.35 ± 0.07 0.04 ± 0.01 0.05 0.002 ⁰ - - - - - - 
Formate 0.04 ± 0.04 0.08 ± 0.06 0.05 ± 0.01 0.05 ± 0.03 0.50 0.39 - - - - - - 
Histidine 0.11 ± 0.03 0.09 ± 0.02 0.08 ± 0.04 0.06 ± 0.01 0.025 m 0.14 - - - - - - 

Creatinine 0.03 ± 0.03 0.04 ± 0.01 0.06 ± 0.01 0.02 ± 0.02 0.49 0.06 - - - - - - 
Leucine 0.17 ± 0.07 0.11 ± 0.05 0.14 ± 0.05 0.09 ± 0.04 0.38 0.047 ⁰ - - - - - - 

Niacinamide 0.10 ± 0.04 0.07 ± 0.01 0.07 ± 0.01 0.05 ± 0.02 0.038 m 0.025 ⁰ - - - - - - 
Phenylalanine 0.05 ± 0.01 0.03 ± 0.02 0.03 ± 0.01 0.02 ± 0.02 0.033 m 0.07 - - - - - - 

Tyrosine 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.003 0.01 ± 0.01 0.010 m 0.013 ⁰ - - - - - - 
Hypoxanthine - - - - - - 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.09 ± 0.08 0.35 0.27 

Methionine - - - - - - 0.05 ± 0.02 0.04 ± 0.02 0.04 ± 0.02 0.06 ± 0.03 0.66 0.93 
Taurine - - - - - - 0.74 ± 0.28 0.63 ± 0.21 0.63 ± 0.21 0.78 ± 0.21 0.67 0.94 

Two-way ANOVA was used to determine main effects of sex, diet, and interaction on aqueous 
compositions with Holm-Sidak post-hoc testing. Bolded cells show significance using the follow-
ing symbols to denote differences: ⁰ for HF-AD lower than chow, m for male higher than females, f 
for female higher than males. Abbreviations: Gmi/Gma = ratio of glutamine to glutamate. 

 
Figure 2. Heatmaps showing mean values of auto-scaled metabolites for both male and female 
chow and high-fat ad libitum (HF-AD) dietary groups in liver, heart, and adipose tissues of Nile 
Figure 2. Heatmaps showing mean values of auto-scaled metabolites for both male and female chow
and high-fat ad libitum (HF-AD) dietary groups in liver, heart, and adipose tissues of Nile grass rats
(n =3–5 animals per group). The red and blue colors denote concentrations above and below the
indicated metabolite mean concentration value, respectively, with darker colors indicating values
farther from the mean. Significant main effects of diet and sex (p < 0.05) in metabolite concentrations
from two-way ANOVA after post-hoc testing are also shown. Abbreviations: Tg = triglycerides;
PC = phosphatidylcholine; SM = sphingomyelin; PE = phosphatidylethanolamine; LA = linoleic acid;
DHA = docosahexaenoic acid; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty
acids; UFA = unsaturated fatty acids; SFA = saturated fatty acids; Om3 = omega-3 fatty acids; TFA
= total fatty acids; TC = total cholesterol; 3-hydroxy. = 3-hydroxybutyrate; Gmi/Gma = ratio of
glutamine to glutamate.

For all tissues, there were significant main effects of diet, with the HF-AD group
having higher levels of monounsaturated fatty acids (MUFA) and MUFA% (the percentage
of total fatty acids (TFA) that are MUFA) (p ≤ 0.016). The fatty acid composition of
adipose tissue was further altered in HF-AD compared to chow, with the HF-AD rats
exhibiting lower omega-3 concentrations (p = 0.028) and a close to significantly higher ratio
of saturated fatty acids over unsaturated fatty acids (SFA/UFA) (p = 0.058). The liver and
heart showed a greater degree of change in response to high-fat diet than adipose, with
concentrations of hepatic and cardiac triglycerides, TFA, and SFA higher and the percentage
of polyunsaturated fatty acids (PUFA%) lower in HF-AD rats (p ≤ 0.033). Main effects of
diet were also noted for phosphatidylcholine, which was higher in the heart but lower in
the liver for HF-AD compared to chow (p ≤ 0.031). Further significant changes noted for
hepatic measures in HF-AD subjects were higher total cholesterol and unsaturated fatty
acids (UFA) as well as lower levels of glutamine, inosine, isoleucine, leucine, niacinamide,
tyrosine, and valine compared to chow (p ≤ 0.047).

The partial correlations between metabolite concentrations and metadata controlled
for diet or sex are shown in Figure 3. In the liver, there were higher concentrations of MUFA,
TFA, triglycerides, SFA, linoleic acid, UFA, MUFA%, SFA%, the ratio of SFA/UFA, and
total cholesterol, and lower levels of phenylalanine, creatine, phosphatidylcholine, PUFA%,
UFA%, tyrosine, valine, acetate, inosine, isoleucine, and glutamine that significantly corre-
lated with the HF-AD diet (R ≥ |±0.545|; p ≤ 0.035). For cardiac metabolites, higher levels
of MUFA, TFA, SFA, triglycerides, MUFA%, phosphatidylcholine, glucose, and the ratio of
glutamine over glutamate (Gmi/Gma), and lower levels of PUFA% significantly correlated
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with the HF-AD group (R ≥ |±0.0.488|; p ≤ 0.047). In adipose samples, higher levels of
MUFA%, MUFA, SFA%, and SFA/UFA and lower levels of UFA%, omega-3, and linoleic
acid were significantly correlated with the HF-AD group (R ≥ |±0.509|; p ≤ 0.044).
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Figure 3. Correlations between metabolite levels with diet and sex in high-fat ad libitum (HF-AD)
and chow-fed dietary groups for different tissues. For dietary partial correlations, metabolites
with positive correlation coefficients are higher in HF-AD, and metabolites with negative coef-
ficients are lower in HF-AD compared to chow. For sex partial correlations, metabolites with
positive correlation coefficients are higher in females, and vice versa for negative coefficients com-
pared to males. The metabolites with significant partial correlations (p < 0.05) are denoted with
asterisks (*). Abbreviations: Tg = triglycerides; PC = phosphatidylcholine; SM = sphingomyelin;
PE = phosphatidylethanolamine; LA = linoleic acid; DHA = docosahexaenoic acid; MUFA = mo-
nounsaturated fatty acids; PUFA = polyunsaturated fatty acids; UFA = unsaturated fatty acids; SFA
= saturated fatty acids; Om3 = omega-3 fatty acids; TFA = total fatty acids; TC = total choles-
terol; 3-hydroxy. = 3-hydroxybutyrate; Hypoxan. = hyphoxanthine; Gmi/Gma = ratio of glutamine
to glutamate.

2.2. High-Fat Ad Libitum Sex Differences

Concentrations of several metabolites were measured at significantly different levels
between male and female rats, primarily in the liver. Main effects of sex were detected
in two-way ANOVA for several metabolites (Figure 2). In females, hepatic lipids in-
cluding omega-3, triglycerides, TFA, UFA, SFA, MUFA, PUFA, and MUFA% were higher
(p ≤ 0.013). Furthermore, in females, sphingomyelin was significantly lower, along with
several aqueous metabolites including glucose, acetate, fumarate, succinate, histidine, glu-
tamine, niacinamide, phenylalanine, and tyrosine (p ≤ 0.042). Female rats also exhibited
higher cardiac levels of aspartate compared to males (p = 0.003).

Metabolic differences between the sexes were noted by partial correlation analysis as
well (Figure 3). Higher levels of TFA, UFA, MUFA, PUFA, SFA, omega-3, MUFA%, linoleic
acid, and triglycerides, and lower levels of hepatic glutamine, glucose, tyrosine, acetate,
creatine, succinate, histidine, fumarate, and phenylalanine were significantly associated
with females (R ≥ |±0.555|; p ≤ 0.032). A higher concentration of cardiac aspartate was
significantly correlated with female rats (R ≥ |±0.843|; p = 4.15 × 10−5).

2.3. High-Fat TRF versus Ad Libitum

Regardless of the timing of the regimen, the main effects of diet were detected for
the two TRF groups (AM, PM), which expressed lower concentrations of both cardiac
and hepatic TFA compared to their ad libitum counterparts (Tables 3 and 4, p ≤ 0.033).
In TRF rats, hepatic UFA, triglycerides (AM only), SFA (AM only), MUFA (AM only),
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and PUFA (PM only) were significantly lower, and acetate, alanine (PM only), fumarate
(PM higher than AM and AD), and tyrosine (AM only) were higher compared to HF-AD
groups (p ≤ 0.041). For heart metabolites, phosphatidylcholine (PM only), SFA (PM only),
and MUFA were significantly lower, and aspartate (PM higher than AM and AD) was
significantly higher in the TRF groups compared to HF-AD (p ≤ 0.046). The heatmap in
Figure 4 displays the TRF results of ANOVA for all tissues. In the adipose tissue, there
were no statistically significant metabolic changes in response to TRF compared to HF-AD
(Table 5).

Table 3. Hepatic metabolite concentrations (mM) indicated as mean ± standard deviation for both
male and female high-fat ad libitum (HF-AD), high-fat morning time-restricted (HF-AM), and high-fat
evening time-restricted (HF-PM) groups.

Male Females p-Values

HF-AD
(n = 5)

HF-AM
(n = 4)

HF-PM
(n = 4)

HF-AD
(n = 5)

HF-AM
(n = 4)

HF-PM
(n = 4) Sex Diet

Omega-3 5.66 ± 2.03 4.79 ± 2.01 4.15 ± 1.89 8.21 ± 2.28 5.48 ± 2.45 6.10 ± 1.71 0.049 f 0.13
Triglycerides 30.6 ± 15.8 17.9 ± 5.9 17.7 ± 9.9 68.6 ± 21.8 27.9 ± 18.5 45.56 ± 20.8 0.001 f 0.009 *

TFA 103.3 ± 37.5 90.0 ± 19.9 62.8 ± 28.1 205.8 ± 41.7 107.1 ± 51.1 148.4 ± 54.1 <0.001 f 0.015 0,*
Linoleic Acid 14.3 ± 5.7 10.3 ± 6.6 15.5 ± 12.1 51.4 ± 39.5 22.0 ± 11.3 38.5 ± 30.4 0.014 f 0.31

UFA 63.7 ± 20.1 55.5 ± 13.6 38.9 ± 13.9 130.0 ± 25.4 73.4 ± 34.2 95.3 ± 35.2 <0.001 f 0.020 0,*
SFA 39.6 ± 18.5 34.4 ± 7.1 23.9 ± 14.3 75.7 ± 20.6 33.6 ± 16.9 53.1 ± 19.1 0.004 f 0.017 *

MUFA 28.4 ± 14.4 19.6 ± 6.2 20.6 ± 10.2 63.7 ± 12.7 31.6 ± 16.7 45.6 ± 18.3 <0.001 f 0.015 *
PUFA 35.3 ± 9.0 35.9 ± 11.1 18.2 ± 10.1 66.2 ± 14.5 41.8 ± 17.6 49.7 ± 17.0 <0.001 f 0.041 0

UFA-% 62 ± 7% 62 ± 3% 64 ± 6% 63 ± 6% 69 ± 2% 63 ± 2% 0.18 0.64
SFA-% 37 ± 7% 38 ± 3% 35 ± 6% 36 ± 5% 31 ± 2% 36 ± 2% 0.18 0.64

MUFA-% 26 ± 6% 22 ± 6% 34 ± 17% 31 ± 1% 28 ± 3% 30 ± 3% 0.48 0.20
PUFA-% 36 ± 12% 39 ± 4% 29 ± 17% 32 ± 5% 40 ± 4% 33 ± 2% 0.91 0.20

SFA/UFA 0.60 ± 0.16 0.62 ± 0.07 0.57 ± 0.16 0.58 ± 0.13 0.45 ± 0.03 0.56 ± 0.05 0.16 0.60
Total Cholesterol 5.11 ± 1.47 3.55 ± 1.03 3.52 ± 1.47 4.32 ± 2.88 2.11 ± 0.04 2.79 ± 0.89 0.14 0.05

Phosphatidylcholine 2.80 ± 0.49 3.25 ± 0.33 2.76 ± 0.15 2.48 ± 0.67 2.98 ± 0.45 2.62 ± 0.81 0.26 0.16
Phosphatidylethanolamine 1.69 ± 0.32 1.49 ± 0.16 1.33 ± 0.67 1.42 ± 0.83 1.46 ± 0.12 1.37 ± 0.63 0.69 0.73

Sphingomyelin 0.25 ± 0.11 0.37 ± 0.13 0.25 ± 0.09 0.19 ± 0.08 0.21 ± 0.05 0.18 ± 0.07 0.018 m 0.20
Glucose 9.13 ± 2.85 11.01 ± 3.61 10.1 ± 2.56 5.49 ± 2.17 8.58 ± 3.58 11.3 ± 3.89 0.20 0.08
Lactate 1.34 ± 0.23 1.54 ± 0.65 1.47 ± 0.46 1.77 ± 0.95 1.24 ± 0.40 2.51 ± 1.07 0.17 0.22
Alanine 0.42 ± 0.16 0.56 ± 0.08 0.60 ± 0.15 0.41 ± 0.08 0.48 ± 0.12 0.65 ± 0.27 0.81 0.032 ‡

Acetate 0.19 ± 0.02 0.25 ± 0.05 0.21 ± 0.05 0.15 ± 0.04 0.24 ± 0.07 0.26 ± 0.07 0.92 0.006 +,‡

Choline 0.11 ± 0.06 0.11 ± 0.03 0.14 ± 0.03 0.10 ± 0.05 0.12 ± 0.05 0.10 ± 0.03 0.80 0.67
Creatine 0.20 ± 0.13 0.10 ± 0.04 0.15 ± 0.15 0.073 ± 0.03 0.08 ± 0.02 0.07 ± 0.03 0.031 m 0.49
Inosine 0.24 ± 0.08 0.26 ± 0.09 0.30 ± 0.06 0.17 ± 0.05 0.26 ± 0.10 0.27 ± 0.06 0.26 0.06

Fumarate 0.07 ± 0.04 0.06 ± 0.02 0.11 ± 0.03 0.043 ± 0.02 0.06 ± 0.02 0.10 ± 0.04 0.38 0.003 ‡‡

Succinate 0.62 ± 0.21 0.44 ± 0.06 0.66 ± 0.09 0.26 ± 0.22 0.64 ± 0.27 0.57 ± 0.022 0.28 0.19
Glutamine 1.45 ± 0.32 1.28 ± 0.23 0.99 ± 0.41 0.74 ± 0.25 0.91 ± 0.39 0.95 ± 0.19 0.006 m 0.64
Glutamate 1.06 ± 0.36 1.23 ± 0.54 1.61 ± 0.67 0.80 ± 0.54 1.67 ± 0.91 1.30 ± 0.84 0.95 0.15
Gmi/Gma 1.49 ± 0.56 1.25 ± 0.70 0.63 ± 0.13 1.33 ± 0.30 0.89 ± 0.90 0.91 ± 0.52 0.78 0.19
Aspartate 0.058 ± 0.01 0.08 ± 0.03 0.08 ± 0.02 0.06 ± 0.03 0.06 ± 0.03 0.06 ± 0.03 0.29 0.58

3-hydroxybutyrate 0.12 ± 0.05 0.14 ± 0.04 0.05 ± 0.01 0.13 ± 0.21 0.05 ± 0.02 0.05 ± 0.02 0.55 0.30
Valine 0.10 ± 0.02 0.12 ± 0.04 0.15 ± 0.06 0.09 ± 0.02 0.15 ± 0.12 0.23 ± 0.23 0.48 0.16

Isoleucine 0.11 ± 0.12 0.08 ± 0.04 0.07 ± 0.05 0.04 ± 0.01 0.10 ± 0.13 0.21 ± 0.13 0.63 0.66
Formate 0.08 ± 0.06 0.06 ± 0.03 0.06 ± 0.02 0.05 ± 0.03 0.09 ± 0.06 0.11 ± 0.09 0.51 0.69
Histidine 0.04 ± 0.01 0.05 ± 0.02 0.06 ± 0.03 0.03 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.12 0.09
Creatinine 0.04 ± 0.01 0.03 ± 0.02 0.04 ± 0.03 0.03 ± 0.02 0.03 ± 0.01 0.03 ± 0.01 0.12 0.46

Leucine 0.10 ± 0.05 0.15 ± 0.08 0.12 ± 0.05 0.09 ± 0.04 0.09 ± 0.04 0.13 ± 0.07 0.23 0.46
Niacinamide 0.02 ± 0.003 0.03 ± 0.01 0.02 ± 0.005 0.02 ± 0.01 0.02 ± 0.001 0.02 ± 0.01 0.028 m 0.05

Phenylalanine 0.03 ± 0.02 0.06 ± 0.02 0.04 ± 0.02 0.02 ± 0.01 0.03 ± 0.001 0.04 ± 0.02 0.022 m 0.10
Tyrosine 0.027 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.002 <0.001 m 0.034 +

Two-way ANOVA was used to determine main effects of sex, diet, and interaction on metabolite compositions with
Holm–Sidak post-hoc testing. Bolded cells show significance using the following symbols to denote differences:
* for HF-AM lower than HF-AD, 0 for HF-PM lower than HF-AD, + for HF-AM higher than HF-AD, ‡ for HF-PM
higher than HF-AD, ‡‡ for HF-PM higher than HF-AD and HF-AM, f for female higher than males, m for male
higher than females. Abbreviations: Omega-3 = omega-3 fatty acids; MUFA = monounsaturated fatty acids; PUFA
= polyunsaturated fatty acids; UFA = unsaturated fatty acids; SFA = saturated fatty acids; TFA = total fatty acids;
Gmi/Gma = ratio of glutamine to glutamate.
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Table 4. Cardiac metabolite concentrations (mM) indicated as mean ± standard deviation for both
male and female high-fat ad libitum (HF-AD), high-fat morning time-restricted (HF-AM), and high-fat
evening time-restricted (HF-PM) groups.

Male Female p-Values

HF-AD
(n = 5)

HF-AM
(n = 4)

HF-PM
(n = 4)

HF-AD
(n = 5)

HF-AM
(n = 4)

HF-PM
(n = 4) Sex Diet

Omega-3 0.77 ± 0.17 0.69 ± 0.17 0.73 ± 0.04 0.88 ± 0.2 0.82 ± 0.24 0.71 ± 0.09 0.27 0.40
Triglycerides 0.36 ± 0.12 0.2 ± 0.12 0.18 ± 0.12 0.35 ± 0.2 0.29 ± 0.26 0.28 ± 0.18 0.38 0.26

TFA 10.16 ± 1.26 8.89 ± 0.44 8.17 ± 0.75 10.46 ± 0.61 8.63 ± 1.44 8.68 ± 0.62 0.63 <0.001 0,*
Linoleic Acid 1.38 ± 0.28 1.3 ± 0.26 1.04 ± 0.1 1.25 ± 0.25 0.89 ± 0.08 1.3 ± 0.15 0.27 0.10

UFA 6.55 ± 1 6.15 ± 0.89 5.62 ± 0.49 7.33 ± 0.98 5.99 ± 1.21 6.1 ± 0.71 0.32 0.046
SFA 3.62 ± 0.66 2.74 ± 0.56 2.55 ± 0.81 3.13 ± 0.78 2.64 ± 0.48 2.58 ± 0.51 0.48 0.033 0

MUFA 1.37 ± 0.22 1.22 ± 0.11 0.98 ± 0.2 1.33 ± 0.22 0.98 ± 0.24 1.15 ± 0.27 0.66 0.018 0,*
PUFA 5.17 ± 0.9 4.93 ± 0.95 4.64 ± 0.56 6 ± 0.88 5.02 ± 1.0 4.95 ± 0.53 0.23 0.13

UFA-% 64 ± 5% 69 ± 7% 69 ± 8% 70 ± 8% 69 ± 5% 70 ± 6% 0.38 0.71
SFA-% 36 ± 5% 31 ± 7% 31 ± 8% 30 ± 8% 31 ± 5% 30 ± 6% 0.38 0.71

MUFA-% 14 ± 2% 14 ± 2% 12 ± 2% 13 ± 2% 11 ± 1% 13 ± 3% 0.37 0.73
PUFA-% 51 ± 5% 55 ± 8% 57 ± 10% 57 ± 7% 58 ± 4% 57 ± 4% 0.27 0.58

SFA/UFA 0.56 ± 0.13 0.46 ± 0.15 0.46 ± 0.17 0.44 ± 0.18 0.45 ± 0.09 0.43 ± 0.12 0.37 0.68
Total Cholesterol 0.4 ± 0.06 0.37 ± 0.07 0.36 ± 0.03 0.42 ± 0.04 0.38 ± 0.03 0.39 ± 0.04 0.39 0.24

Phosphatidylcholine 1.41 ± 0.14 1.3 ± 0.18 1.22 ± 0.08 1.46 ± 0.15 1.28 ± 0.15 1.25 ± 0.17 0.74 0.033 0

Phosphatidylethanolamine 1.16 ± 0.77 0.81 ± 0.39 0.75 ± 0.45 1.38 ± 0.32 0.82 ± 0.11 1.34 ± 0.68 0.20 0.19
Sphingomyelin 0.08 ± 0.04 0.09 ± 0.02 0.06 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.08 ± 0.01 0.31 0.35

Glucose 0.43 ± 0.23 0.22 ± 0.13 0.33 ± 0.1 3.81 ± 7.65 0.32 ± 0.32 0.23 ± 0.2 0.39 0.40
Lactate 1.27 ± 0.4 1.36 ± 0.66 1.43 ± 0.55 2.61 ± 2.22 1.59 ± 0.52 1.63 ± 0.49 0.20 0.51
Alanine 0.2 ± 0.1 0.23 ± 0.14 0.25 ± 0.1 0.35 ± 0.27 0.24 ± 0.06 0.23 ± 0.08 0.45 0.75
Acetate 0.02 ± 0.003 0.02 ± 0.01 0.03 ± 0.01 0.04 ± 0.04 0.02 ± 0.002 0.03 ± 0.01 0.46 0.48
Choline 0.01 ± 0.004 0.01 ± 0.01 0.01 ± 0.003 0.03 ± 0.03 0.02 ± 0.003 0.01 ± 0.004 0.12 0.43
Creatine 0.62 ± 0.08 0.73 ± 0.31 0.81 ± 0.17 0.67 ± 0.34 0.77 ± 0.14 0.85 ± 0.14 0.75 0.30
Inosine 0.27 ± 0.07 0.28 ± 0.09 0.39 ± 0.1 0.32 ± 0.13 0.36 ± 0.06 0.37 ± 0.08 0.39 0.21

Fumarate 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.005 0.03 ± 0.005 0.02 ± 0.003 0.03 ± 0.01 0.16 0.49
Succinate 0.07 ± 0.03 0.11 ± 0.06 0.06 ± 0.01 0.07 ± 0.01 0.09 ± 0.03 0.07 ± 0.03 0.61 0.06

Glutamine 0.35 ± 0.11 0.34 ± 0.08 0.33 ± 0.09 0.34 ± 0.05 0.33 ± 0.17 0.36 ± 0.16 1.00 0.97
Glutamate 0.35 ± 0.06 0.36 ± 0.12 0.48 ± 0.14 0.38 ± 0.15 0.44 ± 0.12 0.58 ± 0.16 0.28 0.08
Gmi/Gma 1.03 ± 0.31 0.97 ± 0.21 0.73 ± 0.17 1.0 ± 0.33 0.8 ± 0.49 0.59 ± 0.17 0.45 0.09
Aspartate 0.15 ± 0.01 0.17 ± 0.04 0.4 ± 0.16 0.25 ± 0.06 0.29 ± 0.07 0.4 ± 0.05 0.034 f <0.001 ‡‡

3-hydroxybutyrate 0.04 ± 0.02 0.03 ± 0.01 0.02 ± 0.01 0.05 ± 0.05 0.15 ± 0.26 0.04 ± 0.01 0.23 0.44
Hypoxanthine 0.05 ± 0.02 0.04 ± 0.02 0.07 ± 0.02 0.09 ± 0.08 0.05 ± 0.02 0.05 ± 0.03 0.55 0.46

Methionine 0.04 ± 0.01 0.04 ± 0.02 0.05 ± 0.02 0.06 ± 0.03 0.05 ± 0.03 0.09 ± 0.05 0.23 0.50
Taurine 0.57 ± 0.15 0.56 ± 0.21 0.72 ± 0.17 0.78 ± 0.21 0.71 ± 0.12 0.68 ± 0.14 0.20 0.86
DHA 0.32 ± 0.06 0.29 ± 0.08 0.28 ± 0.07 0.42 ± 0.07 0.31 ± 0.1 0.3 ± 0.06 0.11 0.05

Two-way ANOVA was used to determine main effects of sex, diet, and interaction on metabolite compositions with
Holm–Sidak post-hoc testing. Bolded cells show significance using the following symbols to denote differences:
* for HF-AM lower than HF-AD, 0 for HF-PM lower than HF-AD, ‡‡ for HF-PM higher than HF-AD and HF-AM,
f for female higher than males. Interaction was determined for cardiac linoleic acid, which was lower in HF-AM
females compared to both HF-AD females and HF-AM males. Abbreviations: Omega-3 = omega-3 fatty acids,
DHA = docosahexaenoic acid; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids;
UFA = unsaturated fatty acids; SFA, saturated fatty acids; TFA = total fatty acids; Gmi/Gma = ratio of glutamine
to glutamate.

Partial correlation analysis revealed several metabolites that were significantly corre-
lated with diet in each of the TRF groups (Figures 3 and 4). Lower concentrations of both
cardiac and hepatic TFA and UFA were strongly associated (R ≥ |±0.482|; p ≤ 0.05) with
both TRF regimens. Further, in the liver, TRF was strongly associated with significantly
lower levels of Tg levels and higher acetate and alanine levels (R ≥ |±0.482|; p ≤ 0.05).
In addition to the metabolites common to both TRF diets, certain metabolites were signifi-
cantly associated with the AM group and not the PM regimen. Lower levels of hepatic total
cholesterol, SFA, MUFA, and MUFA%, and higher levels of tyrosine, phenylalanine, and
niacinamide were significantly correlated with the HF-AM diet (R ≥ |±0.515|; p ≤ 0.035).
In heart, lower levels of MUFA, SFA, and phosphatidylethanolamine (PE) were associated
with the HF-AM diet (R ≥ |±0.487|; p ≤ 0.048). For the HF-PM group, a lower level of
hepatic PUFA and higher levels of fumarate, valine, inosine, histidine, and glucose were
significantly correlated with the HF-PM diet (R ≥ |±0.521|; p ≤ 0.032). In heart, lower
levels of MUFA, Gmi/Gma, PC, docosahexaenoic acid (DHA), and SFA, and higher levels
of aspartate and glutamate were strongly associated with the HF-PM diet (R ≥ |±0.489|;
p ≤ 0.046).
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Table 5. Adipose tissue metabolite concentrations (mM) indicated as mean ± standard deviation for
both male and female high-fat ad libitum (HF-AD), high-fat morning time-restricted (HF-AM), and
high-fat evening time-restricted (HF-PM) groups.

Male Female p-Values

HF-AD
(n = 5)

HF-AM
(n = 4)

HF-PM
(n =4)

HF-AD
(n = 5)

HF-AM
(n = 3)

HF-PM
(n = 4) Sex Diet

Omega-3 1.05 ± 0.44 1.08 ± 0.18 0.94 ± 0.24 0.88 ± 0.1 0.99 ± 0.06 0.84 ± 0.22 0.26 0.55
Triglycerides 22.8 ± 2.9 23.7 ± 1.1 22.4 ± 5 21.8 ± 3.7 25.8 ± 3.1 17.9 ± 4.4 0.46 0.08

TFA 68.2 ± 11.6 68.4 ± 3.6 61.1 ± 11.3 67.7 ± 13.3 72.6 ± 10.2 57.8 ± 14.6 0.98 0.17
Linoleic Acid 25.4 ± 3.4 23 ± 4.5 21 ± 6.1 24.4 ± 3.7 27.2 ± 4.6 19.7 ± 8.5 0.75 0.15

UFA 47.8 ± 14.2 45 ± 7.1 39.3 ± 9.9 43.9 ± 10.6 46.8 ± 6.1 37.7 ± 9 0.78 0.27
SFA 20.3 ± 4.2 23.4 ± 6.8 21.8 ± 2.4 23.8 ± 3.7 25.8 ± 4.1 20.1 ± 5.7 0.48 0.33

MUFA 24 ± 1.8 26.2 ± 1.4 23.5 ± 4.6 25 ± 4.7 24 ± 1.9 20.2 ± 5.5 0.34 0.21
PUFA 23.9 ± 14.2 18.7 ± 8.4 15.8 ± 5.6 18.9 ± 6 22.9 ± 5.9 17.5 ± 3.9 0.93 0.48

UFA-% 69 ± 8% 66 ± 10% 64 ± 5% 64 ± 4% 65 ± 1% 66 ± 1% 0.58 0.72
SFA-% 30 ± 8% 34 ± 10% 36 ± 5% 36 ± 4% 35 ± 1% 34 ± 1% 0.58 0.72

MUFA-% 35 ± 5% 38 ± 3% 38 ± 2% 37 ± 1% 33 ± 4% 34 ± 3% 0.07 0.91
PUFA-% 33 ± 13% 27 ± 12% 25 ± 5% 27 ± 4% 31 ± 4% 31 ± 3% 0.82 0.75

SFA/UFA 0.46 ± 0.15 0.54 ± 0.2 0.58 ± 0.11 0.56 ± 0.1 0.55 ± 0.03 0.53 ± 0.03 0.72 0.73

No statistically significant differences in metabolite concentrations in response to TRF were demonstrated in
adipose samples using two-way ANOVA. Abbreviations: Omega-3 = omega-3 fatty acids, TFA = total fatty acids,
PUFA = polyunsaturated fatty acids, MUFA = monounsaturated fatty acids, UFA = unsaturated fatty acids,
SFA = saturated fatty acids.
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2.4. TRF Sex Differences

Main effects of sex determined by two-way ANOVA were similar to the chow/HF-AD
comparison (Figure 4). In females, hepatic lipids including omega-3, triglycerides, TFA,
UFA, SFA, MUFA, PUFA, and linoleic acid were higher (p ≤ 0.049). Furthermore, in females,
sphingomyelin was significantly lower, along with several aqueous metabolites including
creatine, glutamine, niacinamide, phenylalanine, and tyrosine (p ≤ 0.031). Female rats also
exhibited higher cardiac levels of aspartate compared to males (p = 0.034).

Metabolic differences between male and female animals were also noted by partial
correlation analysis (Figures 5 and 6) for the TRF AM and PM diets. Higher levels of TFA,
UFA, MUFA, PUFA, linoleic acid, and triglycerides and lower levels of hepatic glutamine,
tyrosine, and creatine were significantly correlated with females (R ≥ |±0.528|; p ≤ 0.029).
A higher concentration of cardiac aspartate was significantly correlated with female rats
(R ≥ |±0.621|; p ≤ 0.008).
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Figure 5. Correlations between metabolite concentration levels with diet and sex in high-fat ad
libitum (HF-AD) and time-restricted morning (HF-AM) dietary groups. For dietary partial corre-
lations, metabolites with negative coefficients are lower in HF-AM, and with positive correlation
coefficients are higher compared to HF-AD. For sex partial correlations, metabolites with posi-
tive correlation coefficients are higher in females, and vice versa for negative coefficients com-
pared to males. The metabolites with significant partial correlations (p < 0.05) are denoted with
asterisks (*). Abbreviations: Tg = triglycerides; PC = phosphatidylcholine; SM = sphingomyelin;
PE = phosphatidylethanolamine; LA = linoleic acid; DHA = docosahexaenoic acid; MUFA = mo-
nounsaturated fatty acids; PUFA = polyunsaturated fatty acids; UFA = unsaturated fatty acids;
SFA = saturated fatty acids; Om3 = omega-3 fatty acids; TFA = total fatty acids; TC = total choles-
terol; 3-hydroxy. = 3-hydroxybutyrate; Hypoxan. = hyphoxanthine; Gmi/Gma = ratio of glutamine
to glutamate.
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and heart. TRF attenuated many of the measured effects of high-fat feeding, with both 
liver and heart having lower levels of fatty acids compared to ad libitum fed rats; how-
ever, no lipidomic changes were noted in the adipose tissue in response to TRF. 

1H-NMR spectroscopy allowed for the measurement of 38, 33, and 12 metabolites in 
liver, heart, and adipose tissues respectively. Aqueous metabolites were not quantified 
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metabolites were systematically applied for all tissue samples to quantify absolute con-
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Figure 6. Correlations between metabolite concentration levels with diet and sex in high-fat ad
libitum (HF-AD) and time-restricted evening (HF-PM) dietary groups. For dietary partial corre-
lations, metabolites with negative coefficients are lower in HF-PM, and with positive correlation
coefficients are higher compared to HF-AD. For sex partial correlations, metabolites with posi-
tive correlation coefficients are higher in females, and vice versa for negative coefficients com-
pared to males. The metabolites with significant partial correlations (p < 0.05) are denoted with
asterisks (*). Abbreviations: Tg = triglycerides; PC = phosphatidylcholine; SM = sphingomyelin;
PE = phosphatidylethanolamine; LA = linoleic acid; DHA = docosahexaenoic acid; MUFA = mo-
nounsaturated fatty acids; PUFA = polyunsaturated fatty acids; UFA = unsaturated fatty acids;
SFA = saturated fatty acids; Om3 = omega-3 fatty acids; TFA = total fatty acids; TC = total choles-
terol; 3-hydroxy. = 3-hydroxybutyrate; Hypoxan. = hyphoxanthine; Gmi/Gma = ratio of glutamine
to glutamate.

3. Discussion

In this study, multi-tissue NMR metabolomics was performed using time-domain
CRAFT to investigate high-fat feeding, TRF, and sex differences in metabolomic profiles in a
diurnal model of MetS. Metabolite profiling and statistical analysis revealed that high-fat ad
libitum feeding was associated with the accumulation of hepatic and cardiac triglycerides
and fatty acids compared to standard Chow diet. Adipose tissue additionally underwent
lipid remodeling, but without as extensive lipid accumulation as in liver and heart. TRF
attenuated many of the measured effects of high-fat feeding, with both liver and heart
having lower levels of fatty acids compared to ad libitum fed rats; however, no lipidomic
changes were noted in the adipose tissue in response to TRF.

1H-NMR spectroscopy allowed for the measurement of 38, 33, and 12 metabolites in
liver, heart, and adipose tissues respectively. Aqueous metabolites were not quantified in
adipose tissues due to low natural abundance, and some metabolite peaks had relatively low
signal-to-noise ratios (SNR) in some tissues that thus limited the total number of metabolites
quantified in each tissue. Chemical shift fingerprints of aqueous and lipid metabolites
were systematically applied for all tissue samples to quantify absolute concentrations
of the metabolites. Time-domain processing using CRAFT bypassed user-dependent
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spectral preprocessing steps and allowed for semi-automated, time efficient quantification
of targeted metabolites with an average processing time of ~5 min per sample.

3.1. Chow vs. HF-AD Diet Comparison

NMR metabolite profiling using CRAFT revealed several characteristic metabolic
trends in response to ad libitum high-fat feeding compared to chow fed rats. Accumulation
of fat in the liver and heart was evidenced by higher levels of triglycerides, MUFA, SFA,
and TFA. Previous studies have shown that such ectopic accumulation of fat is considered
lipotoxic and is associated with obesity and type 2 diabetes [16,47]. Further, studies in rats
suggest increased lipid content and fatty acid availability in the heart are associated with
impairment of cardiac function and increased oxidative stress [48]. In addition, the livers
also had significantly higher total cholesterol, lower concentrations of phosphatidylcholine,
greater levels of linoleic acid, and a higher SFA/UFA ratio that positively correlated with
HF-AD compared to chow. Our lipid results in NGR are consistent with previous rat
studies that demonstrated signs of hepatic steatosis with higher levels of cholesterol and
triglycerides in male Wistar and Sprague–Dawley rats [49], and lower UFA-% and higher
levels of fatty acids and triglycerides in Fischer rats [50] on high-fat feeding compared to
standard chow diet. Further, levels of cardiac triglycerides were reported to be higher in
male Fischer [51] and Wistar [52] rats when fed a high-fat diet compared to standard diet,
similar to our results in NGR heart samples. In liver, aqueous metabolites showed lower
concentrations of branched-chain amino acids (BCAAs) (leucine, isoleucine, and valine),
aromatic amino acids (phenylalanine and tyrosine), acetate, inosine, glutamine, and creatine
that were significantly associated with HF-AD compared to chow diet. These findings
agree with a previous study that reported disruptions in BCAA and aromatic amino acid
metabolism to be potential biomarkers of obesity and hepatic steatosis in humans [53].
Measures in adipose tissue revealed a change in relative rather than absolute amounts
of fatty acids, with no significant change noted for triglycerides or TFA, a significantly
higher SFA/UFA ratio, MUFA%, and SFA%, as well as lower PUFA%. The metabolite
profiles in liver were more responsive to HF-AD feeding than those measured from heart
samples, with 58% (23/40) of all measured hepatic metabolites significantly changed
compared to 23% (8/35) of metabolites in heart tissue. The lipid profiles alone reveal
all three metabolic tissues examined were susceptible to lipidomic remodeling under the
HF-AD regimen, with 76% (13/17), 39% (7/18), and 54% (7/13) significantly altered lipid
metabolite concentrations for liver, heart, and adipose, respectively, compared to chow diet.

3.2. TRF vs. HF-AD Diet Comparison

Restricting eating to a six-hour window each day was associated with several attenuat-
ing metabolic changes compared to those induced by the obesogenic HF-AD diet as noted
above. Compared to HF-AD, rats on both TRF schedules had lower cardiac and hepatic TFA
levels, which is evidence of less accumulation of ectopic lipids, and lower liver triglycerides,
pointing to a lesser degree of steatosis [54]. These findings are consistent with the functional
metabolic outcomes published in the first study of the same animal cohort that showed that
TRF rats had lower weight gain, total fat percentage, and liver weights compared to the
HF-AD group [46]. Our hepatic results are consistent with several recent studies in mice
that report a reduction in hepatic steatosis and triglycerides in conjunction with TRF com-
pared to ad libitum high-fat feeding. [26,39,55]. Similarly, a study in Wistar rats examined
the effects of TRF on a high sucrose diet, and found TRF attenuated hepatic triglyceride
accumulation [56]. Acetate levels were higher in both TRF groups (as seen in chow fed rats)
compared to HF-AD group. These effects, which seemingly oppose the metabolic effects of
high-fat feeding, agree with studies which suggest circadian meal alignment by TRF may
be a beneficial dietary strategy for combatting metabolic disease [57,58].

Of the three tissues profiled, the liver was most responsive to TRF, with 30% and 28%
of profiled metabolites significantly altered in HF-AM and HF-PM, respectively, when
compared to the ad libitum group. Cardiac metabolites experienced less change, at 14%
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and 26% for AM and PM, respectively. No significant differences were noted in adipose
lipids as a result of TRF. The sensitivity of hepatic metabolite levels and no notable changes
in adipose lipid levels to TRF could be a result of the liver inherently experiencing greater
intra- and inter-tissue circadian oscillations in metabolite levels, and thus responding
more to circadian mealtime alignment. These findings are similar to a previous study that
reported that the liver metabolome had many circadian oscillating metabolites compared
to very few in white adipose tissue for both chow and high-fat dietary groups [57].

3.3. Sex-Dependent Differences

Comparing the metabolite profiles of females and males suggests a sexual dimorphism
in hepatic metabolism. The livers of female rats had greater concentrations of triglycerides
and fatty acids (TFA, UFA, SFA, MUFA, PUFA, and omega-3) and lower concentrations
of glutamine, niacinamide, phenylalanine, and tyrosine. Interestingly, many of these
metabolites also showed significant differences between the chow and HF-AD diets and
between the HF-AD and TRF diets. The liver was the only tissue with such extensive sex-
specific differences (48% of profiled hepatic measures significantly different between males
and females for HF-AD compared to chow, and 43% and 30% of hepatic measures different
for HF-AM and HF-PM, respectively, compared to HF-AD). These results agree with the
functional metabolic outcomes previously reported for this study cohort that females had
higher liver weights than males, indicating sexual differences in fat storage. Further, our
findings were consistent with a previous study by Wells et al., which measured hepatic and
adipose metabolites in C57BL/6J mice across five different diets and determined the impact
of sex and diet was most evident in the liver [59]. No significant changes were noted for
cardiac or adipose lipids between male and female rats in this study; however, the aspartate
levels in the hearts were higher in females compared to male rats. The increased cardiac
aspartate levels seen in females could potentially have antioxidant effects to protect against
oxidative damage that might occur due to increased cardiac lipid accumulation [60,61].

3.4. Limitations

There are some notable study limitations. The current study is limited by the small
sample size, with only 3–5 animals in each group by diet and sex (unequal number of
rats/group due to some random deaths before the end of the study), which hinders a robust
statistical evaluation of all significant metabolite changes. Multi-tissue metabolomics was
performed on tissue samples collected at the end of the study, thus restricting analysis
to only a single timepoint. Choice of metabolite extraction [62,63] and tissue collection
(i.e., form of euthanasia or anesthesia [64]) methods can impart systematic changes in the
measured tissue metabolite levels compared to in vivo, especially for labile metabolites
such as coenzymes [65], lactate, and succinate. Tissue collection steps from euthanasia to
metabolism quenching with liquid nitrogen are time-critical and were limited to under
5 min per animal to limit effects on the metabolome [66] and to ensure changes were
systematic in nature. Further, the animals were on dietary regimens for only six weeks, so
the metabolic changes might not have occurred yet and therefore not show all significant
changes associated with high-fat ad libitum and TRF diets. Some metabolites were not able
to be consistently quantified across all tissues due to low biological abundance and poor
signal on NMR spectra. However, major metabolites that showed significant differences
across metabolic tissues due to dietary and sex effects were identified, hence demonstrating
the potential use of multi-tissue NMR metabolomics for investigating efficient dietary
regimens in combatting MetS. As there are currently no published metabolomics studies
investigating multi-tissue and sex differences under TRF, we believe our study findings
across multiple metabolic tissues can provide more insight into the metabolomic changes
occurring due to TRF, and its effect on mitigating the development of MetS.
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4. Materials and Methods
4.1. Animals

All animal experiments were approved by the Institutional Animal Care and Use
Committee, and all animals were bred and housed individually in a USDA-approved
facility at the University of Memphis. Male and female Nile grass rats (Arvicanthis niloticus)
12–18 months old were used for this study, with this age range corresponding to middle-age
in humans—an age group greatly affected by MetS [1]. Throughout the study, animals were
individually housed in Plexiglass cages with 20–30% humidity and temperature maintained
at 22 ± 2 ◦C. Light exposure was set to 12 h light–dark cycle with lights on between 8:00
and 20:00.

Forty rats were divided into four dietary groups, with each group being age and sex
matched (n = 10 per dietary group, male:female ratio 1:1). Prior to the study, all rats were
fed global extruded rodent diet (chow, 2020X Teklad, 6.5% fat, 19.1% protein, and 47%
carbohydrate) for two weeks for adaptation. At the beginning of the study, three animal
groups were switched to an obesogenic diet that contained 60% fat (Research Diets, D12492,
35% fat (lard and soybean oil), 26% protein, and 26% carbohydrate (9.4% sucrose)). One
group had access to the high-fat diet ad libitum (HF-AD), while two groups were only
allowed access to the food for 6 h out of every 24 h. The early TRF group, HF-AM, had
access to food for the first 6 h of the light cycle (8:00–14:00), and the late TRF group, HF-PM,
had access to food during the second half of the light cycle (14:00–20:00). The fourth group
remained on the global extruded rodent diet (chow) for the duration of the study. The chow
group was used as a standard diet to compare the obesogenic effects of high-fat diet. All
dietary groups had ad libitum access to water. Of note, during the study, there were seven
random deaths that resulted in 3–5 animals per diet and sex. Six weeks after starting their
respective protocols, the remaining animals were fasted overnight and euthanized by CO2
inhalation and cervical dislocation [67]. All animals were euthanized within a 2 h window.
Heart, liver, and white adipose tissues were collected and immediately weighed, frozen in
liquid nitrogen, and stored at −80 ◦C until processing for NMR analysis.

4.2. NMR Experiments

For heart and liver, ~50 and 100 mg, respectively, of frozen tissue was homogenized in
1.74 mL methanol using a Fisherbrand bead-mill homogenizer (Thermo Fisher Scientific,
Waltham, MA, USA). Tissue homogenate was transferred to a centrifuge tube, and the
lipid, aqueous, and protein components were separated using methyl tert-butyl ether
(MTBE) liquid–liquid extraction [32,63]. The upper lipid (MTBE) layer and middle aqueous
(MeOH/H2O) layer were extracted and transferred into glass vials. The remaining pellet
was re-extracted to obtain any remnant lipid and aqueous portions by adding 1 mL of
extraction solvent (MTBE:MeOH:H2O; 2.6/2.0/2.4–volume (v)/v/v). The lipid and aqueous
fractions were separately dried under a stream of nitrogen. Lipids were resolubilized in
600 µL of a deuterated three solvent mixture of chloroform-d, methanol-d, and deuterium
oxide (16:7:1–v/v/v) containing 1.18-mM dimethyl sulfone as an internal quantitative
reference [32]. Aqueous metabolites were resolubilized in 600 µL of deuterium oxide
buffered to a pH of 7.4 and containing 0.16-mM 3-(trimethylsilyl)propionic-2,2,3,3 acid as
a quantitative reference [68]. Adipose tissue (~20 mg) was extracted following a slightly
modified MTBE extraction that is specifically used for adipose samples [69].

Both lipid and aqueous spectra were obtained using a 400-MHz JEOL ECZ NMR
spectrometer. Before acquiring spectra from lipid samples, the spectrometer was cooled
to 0 ◦C to shift the water resonance to avoid overlap with most lipid peaks. For lipids,
16 FIDs (32 FIDs for liver) were recorded using a single-pulse proton sequence with water
pre-saturation, a pulse angle of 45◦, and a relaxation delay of 4 s. Aqueous metabolite
measurements were acquired using a 1D-NOESY pulse sequence at ~22 ◦C with 16 FIDs,
water pre-saturation, pulse angle of 90◦, and relaxation delay of 15 s.
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4.3. Multi-Tissue Metabolomics

Spectral processing for all samples was performed in JEOL Delta software (version
5.3.1, JEOL Ltd., Tokyo, Japan) using CRAFT [31]. Chemical shift fingerprints for lipids were
determined using reference standards purchased from Nu-Chek Prep
(St. Elysian, MN, USA), including trilinolein, tripalmitin, triolein, cholesterol, cholesteryl
oleate, docosahexaenoic acid, 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine,
1,2-dipalmitoyl-sn-glycero3-phosphoethanolamine, 1,2-dioleoyl-sn-glycero-3-phosphocholine,
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, as well as sphingomyelin purchased
from Matreya Inc. (State College, PA, USA). Chemical shift fingerprints for aqueous metabo-
lites were determined by first using reference standards for L-lactic acid and L-leucine from
MP Biomedicals (Solon, OH, USA), and alpha-D-glucose, creatinine, creatine monohydrate,
L-valine, and L-alanine from Acros Organics (Geel, Belgium). Additional aqueous metabo-
lites were identified using the human metabolome database (HMDB) [70] and relevant
literature [62,65,71]. Chemical shifts for lipids and aqueous metabolites used for quantifica-
tion are shown in Table 6. For all tissue samples, the same fingerprint for each metabolite
was applied in CRAFT to systematically calculate the resonance amplitudes and quantify
the metabolite. Metabolite concentrations were determined from the resonance amplitudes
using the following formula:

Cx = Ax ×
(

Cref
Aref

)
×

(
Nref
Nx

)
(1)

where Cx is analyte concentration, Ax is analyte peak area, Nx is the number of protons con-
tributing to the analyte peak, and the subscript ‘ref’ denotes the corresponding quantities
for the quantitative reference peak in each spectrum. In adipose tissue, aqueous metabolites
were not profiled due to very low metabolite abundances.

Concentrations for SFA, UFA, and PUFA were calculated using a previously reported
method of first estimating the molar percentage of UFA:

UFA-% =
[–CH = CH–]

[–CH3]
, (2)

where the numerator corresponds to the amplitude of all olefinic acyl bonds (5.31–5.48 ppm),
and the denominator is the amplitude of all terminal methyl groups (0.85–1.01 ppm) [72].
The NMR signals for both monounsaturated fatty acids (MUFA) at ~2.0 ppm and TFA at
~0.88 ppm directly overlap with cholesterol proton resonances, so the unambiguous total
cholesterol peak at ~0.69 ppm was used to determine the contribution of the cholesterol
protons in each spectrum, and the magnitude of overlap was subtracted from the MUFA
and TFA amplitudes for calculating their correct concentrations. Some metabolite ratios
such as SFA/UFA and Gmi/Gma were also calculated, as they are known to be potential
biomarkers of metabolic disorder [73,74].

Table 6. 1H-NMR chemical shift assignment for all quantified metabolites. For organ specification:
L = liver, H = heart, and A = adipose tissue.

Metabolite Chemical Shift (ppm)
and Multiplicity Protons (n) Organs

3-hydroxybutyrate 1.07 (d) 3 L, H
Acetate 1.79 (s) 3 L, H
Alanine 1.35 (d) 3 L, H

Aspartate 2.69 (dd) 2 L, H
Choline 3.08 (s) 9 L, H
Creatine 2.91 (s) 3 L, H

Creatinine 2.92(s) 3 L
Formate 8.33 (s) 1 L

Fumarate 6.39 (s) 1 L, H
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Table 6. Cont.

Metabolite Chemical Shift (ppm)
and Multiplicity Protons (n) Organs

Beta-Glucose 5.11 (d) 1 L, H
Glutamate 2.22 (m) 2 L, H
Glutamine 2.32 (m) 2 L, H
Histidine 7.75 (d) 1 L

Hypoxanthine 8.04 (d) 2 H
Inosine 8.22 (s) 1 L, H

Isoleucine 0.89 (t) 3 L
Lactate 1.20 (d) 3 L, H
Leucine 0.83 (m) 6 L

Methionine 2.49 (t) 2 H
Niacinamide 8.81 (s) 1 H

Phenylalanine 7.20 (d) 2 L
Succinate 2.27 (s) 4 L, H
Taurine 3.12 (m) 2 H
Tyrosine 7.06 (d) 2 L

Valine 0.91 (d) 3 L
–CH=CH– (olefinic acyl bonds) 5.32 (m) - L, H, A

Docosahexaenoic Acid 2.36 (d) 4 H
Linoleic Acid 2.73 (t) 2 L, H, A

Monounsaturated Fatty Acids 1.97 (m) 2 L, H, A
Omega-3 0.92 (t) 3 L, H, A

Phosphatidylcholine 3.14 (s) 9 L, H, A
Phosphatidylethanolamine 3.08 (t) 2 L, H, A

Sphingomyelin 3.13 (s) 9 L, H, A
Total Cholesterol 0.63 (s) 3 L, H
Total Fatty Acids 0.83 (m) 3 L, H, A

Triglycerides 4.27 (dd) 2 L, H, A

4.4. Statistical Analysis

Metabolite concentrations for all dietary and sex groups are presented as mean ± standard
deviation (SD). Two-way analysis of variance (ANOVA) with Holm–Sidak test (Sigma Plot,
version 14.5, SPSS Inc., Chicago, IL, USA) was used to compare metabolite concentrations
in tissue samples between diets and sexes. Separate analyses were performed to indepen-
dently examine the effects of the high-fat diet (HF-AD vs. chow) and TRF (HF-AM, HF-PM
vs. HF-AD). In some aqueous samples, CRAFT was not able to detect some metabolite
peaks due to low signal-to-noise ratio, and these missing metabolite amplitudes were
replaced using an estimated detection limit of 1/5 of the minimum positive amplitude mea-
sured for the respective metabolite in all aqueous samples from a given tissue. Heatmaps
were created for each tissue, showing differences in metabolite levels between groups using
auto-scaled data (mean-subtracted and divided by standard deviation) in MetaboAna-
lyst (https://www.metaboanalyst.ca/, accessed on 7 January 2022). Correlation between
metabolite level and metadata (sex or dietary group) was assessed by partial correlation
analysis in MetaboAnalyst by analyzing for metabolite correlations with sex controlled for
dietary group and vice versa. Independent partial correlation analysis was performed for
comparing HF-AD to each TRF dietary group. Spearman rank was used as the correlation
measure for all partial correlation analyses. For all statistical tests, a p-value < 0.05 was
considered as showing statistical difference. Of note, no multiple-testing correction was
performed to adjust p-values for two-way ANOVA or partial correlation analysis, as the
metabolic variables considered in our study are scientifically sensible comparisons rather
than randomly selected variables [75,76], and further multiple-testing correction might
cause notable effects to be insignificant (i.e., accentuates type II error [76–78]) due to limited
sample size in this study [79].

https://www.metaboanalyst.ca/
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5. Conclusions

Time-domain NMR metabolomics revealed lipid remodeling in liver, heart, and adi-
pose tissues, and ectopic accumulation of cardiac and hepatic lipids for ad libitum high-fat
feeding compared to a standard chow diet. Many of these metabolic effects of high-fat
diet were attenuated by TRF, with animals eating a high-fat TRF diet expressing lower
lipid levels in the heart and liver than their ad libitum-fed counterparts. Regardless of diet,
females harbored greater amounts of hepatic lipids compared to males. Hence, this study
demonstrates the potential of multi-tissue, robust, time-domain NMR metabolomics in
understanding the etiology of MetS and TRF.
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of Rat Strain, Diet Composition and Feeding Period on the Development of a Nutritional Model of Non-Alcoholic Fatty Liver
Disease in Rats. Physiol. Res. 2011, 60, 317–328. [CrossRef]

50. Guillou, H.; Yaligar, J.; Gopalan, V.; Kiat, O.W.; Sugii, S.; Shui, G.; Lam, B.D.; Henry, C.J.; Wenk, M.R.; Tai, E.S.; et al. Evaluation of
Dietary Effects on Hepatic Lipids in High Fat and Placebo Diet Fed Rats by In Vivo MRS and LC-MS Techniques. PLoS ONE 2014,
9, e91436. [CrossRef]

51. Nagarajan, V.; Gopalan, V.; Kaneko, M.; Angeli, V.; Gluckman, P.; Richards, A.M.; Kuchel, P.W.; Velan, S.S. Cardiac function and
lipid distribution in rats fed a high-fat diet: In vivo magnetic resonance imaging and spectroscopy. Am. J. Physiol. Heart Circ.
Physiol. 2013, 304, H1495–H1504. [CrossRef]
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