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Abstract: Muscle from cattle reared under different finishing regimes (grain vs. forage) and with different growth rates may
have divergent metabolic signatures that are reflective of their inherent differences in biochemical processes, which may
impact their subsequent transformation into high-quality beef. Differences in muscle lipid profiles were characterized in
Angus X Nellore crossbred steers, using multiple reaction monitoring profiling, to identify potential metabolic signatures
correlated to beef color and tenderness in the longissimus thoracis muscle of cattle fed in either a feedlot- or pasture-based
system programmed to achieve either a high or low growth rate. A total of 440 lipids were significant, which were related
mainly to triglycerides and phosphatidylcholine lipids. Distinct clusters between feeding strategies for the lipid dataset were
revealed, which affected glycerolipid metabolism (P = 0.004), phospholipid metabolism (P = 0.009), sphingolipid metabo-
lism (P = 0.050), and mitochondrial beta-oxidation of long-chain saturated fatty acid (P = 0.073) pathways. Lipid content
and profile differed with feeding strategies, which were related to L*, a*, and tenderness. These findings provide a com-
prehensive and in-depth understanding of lipidomic profiling of beef cattle finished under different feeding strategies and
provide a basis for the relationship between lipid content and profiles and beef quality development.
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trait (Campos et al., 2016). Feeding regime impacts
animal growth rate and has been related to changes
in lipid metabolism, which directly impacts subcuta-
neous fat and IMF composition (Mwangi et al., 2019;
Wicks et al., 2019), and consequently impacts beef

Introduction

Intramuscular fat (IMF), also known as marbling, is
one of the most important meat quality traits affecting
quality grading, carcass price, and sensory acceptance

of meat (Corbin et al., 2015; Silva et al., 2019). Thus,
several studies have been conducted to better under-
stand the pathways involved in IMF deposition in
order to understand how to manipulate this desirable
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color and tenderness (Gagaoua et al., 2018; Hughes
et al., 2020; Valenzuela et al., 2020).

Feedlot-fed animals are commonly subjected to
a high-energy diet, which provides greater substrate
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availability that leads to increased propionate in the
rumen and therefore glucose production, which is
related to increased muscle and fat deposition (Ladeira
et al., 2016; Wicks et al., 2019). In contrast, nutrient
intakes are often below animal requirements for maxi-
mal growth in a pasture system, which affects animal
growth and lean tissue and fat deposition (Mwangi
et al., 2019; Wicks et al., 2019). MclIntyre et al. (2009)
observed that grain-fed animals that experienced a high
growth rate (1.34 kg/d) had higher backfat thickness
and greater beef marbling scores than grass-fed animals
with a low growth rate (0.63 kg/d). Moreover, Koch
et al. (2019) reported that lighter (higher L* values)
steaks from grain-fed cattle result from higher marbling
scores and lipid content of the muscle, which were also
associated with more tender beef (Jung et al., 2015).
Gomez et al. (2021) indicated that muscle and fat dep-
osition is predominantly due to the finishing regime,
and to a lesser extent to growth rate, although the
effects of these factors on carcass and beef traits may
be cumulative.

Finishing regime (grain vs. forage) and growth rate
are often confounded because cattle fed in intensive
feeding programs tend to grow at faster rates. Thus,
muscle from cattle reared under different finishing sys-
tems may have divergent metabolic signatures that are
reflective of their inherent differences in biochemical
processes, which may impact their subsequent transfor-
mation into high-quality beef (Gagaoua et al., 2017).
Therefore, in this research, the muscle lipid profiles
from cattle differing in growth rate and feeding regime
were compared using multiple reaction monitoring
(MRM) profiling—a mass spectrometry—based method
for small molecule profiling that allows for accelerated
discovery of a large number of discriminating molecu-
lar features (Xie et al., 2021)—and correlated to beef
color and tenderness.

Material and Methods

All experimental procedures involving animal care
were conducted in accordance with the Institutional
Animal Care and Use Committee Guidelines of the
College of Animal Science and Food Engineering at
the University of Sao Paulo (protocol approval number
13.1.541.74.0).

Animals, treatments, and handling

Thirty-six contemporary ‘2 Angus X 2 Nellore
crossbred steers (330 + 30 kg body weight [BW]; aged
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12 £ 1 mo) were subjected to a completely randomized
experimental design consisting of 4 treatments (n =9
per treatment): (1) feedlot finished, high growth rate
(F-H; average daily gain [ADG] projected at 1.5 kg/d);
(2) feedlot finished, low growth rate (F-L; ADG
projected at 0.9 kg/d); (3) pasture finished, high growth
rate (P-H; ADG projected at 0.9 kg/d); and (4) pasture
finished, low growth rate (P-L; ADG projected at
0.6 kg/d). Additionally, it was determined that steers
would be harvested at a BW of 530 kg prior to the start
of the study. Further details about feeding and facilities
have been described by Gomez et al. (2021).

Muscle and meat sampling

An average BW of 530 kg was reached within each
treatment after 116, 228, 262, and 292 d of feeding
with an ADG of 1.51, 0.94, 0.76, and 0.62 kg/d for
F-H, F-L, P-H, and P-L animals, respectively, which
differed from each other (Gomez et al., 2021). Steers
were fasted for 16 h and then transported (1 km and
4 km for feedlot- and pasture-fed animals, respectively)
to the abattoir of the College of Animal Science and
Food Engineering at the University of Sao Paulo,
Pirassununga, Sao Paulo, Brazil. To minimize day-
to-day variations, personnel and facility remained con-
stant across the 4 d of harvest. Animals were harvested
according to humane procedures as required by
Brazilian law.

After carcasses were chilled for 24 h (0°C to 2°C),
samples were excised from the longissimus thoracis
muscle at the 12th and 13th rib level for further pH,
total IMF, and lipidomic analysis. All samples were
snap frozen in liquid nitrogen and stored at —80°C. One
2.5-cm-thick longissimus thoracis sample from each
carcass was collected between the 12th and 13th ribs
for beef color and shear force instrumental analyses.

Meat quality analysis

Instrumental color. Fresh samples (n=9 per
treatment) were exposed to air for 30 min at 4°C to
bloom (AMSA, 2012). The meat color was evaluated
using the CIELAB system (CIE, 1979) with a portable
spectrophotometer model CM2500d (Konica Minolta
Brazil, Sao Paulo, Brazil) with standard illuminant
Dgs, a 10° observation angle, and a 30 mm aperture
(AMSA, 2012). L* (lightness), a* (redness), and b*
(yellowness) values were determined by averaging
3 measurements per sample.

Instrumental shear force. After color measure-
ment, steaks were roasted in an oven equipped with
a thermostat adjusted to 170°C (Model F130/L;
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Electric Furnaces Golden Arrow Industry and
Commerce Ltd., Sao Paulo, Brazil). Internal meat
temperatures were monitored using individual thermom-
eters. Once steaks reached an internal temperature of
40°C, steaks were turned and cooked to an internal tem-
perature of 71°C, as recommended by the American
Meat Science Association (AMSA, 2015). Steaks were
then cooled to 4°C for 12 h, and six 1.27 cm diameter
core samples were taken parallel to muscle fiber orien-
tation using a Drill Bench (Model FG-13B, Caracol
Trading of Machinery and Tools LTDA, Sao Paulo,
Brazil). Shear force was determined on cores using the
TMS-PRO texture analyzer (Food Technology Corpora-
tion, Sterling, Virginia) coupled with a Warner-Bratzler
shear device that was set at a speed of 200 mm/min
(AMSA, 2015). Shear force values were determined
by averaging the maximum peak force of 6 cores per
sample.

Total intramuscular fat analysis. The lipids were
extracted by homogenizing (Ultra-Turrax®, T 25 dig-
ital; IKA, Campinas, Sao Paulo, Brazil) the muscle
samples (n =9 per treatment) with a chloroform:meth-
anol:distilled water (2:1:0.8; v/v/v) solution, and the
total IMF was determined by gravimetry, according
to a method reported by Bligh and Dyer (1959).

Lipidomic analysis

Lipid extraction. Six samples per treatment were
randomly selected, and approximately 50 mg of each
was weighed and ground in liquid nitrogen for lipid
extraction using a method reported by Bligh and Dyer
(1959). Tissue homogenate (300 pL in ultrapure water)
was transferred to a new microtube and mixed with
250 pL of chloroform and 450 pL of methanol. This
solution was incubated at 4°C for 15 min prior to the
addition of 250 pL of chloroform and 250 pL of water,
after which centrifugation was performed for 10 min at
16,000 x g, forming a 2-phase solution such that the
bottom phase contained the lipids (organic phase). The
organic phase was transferred to a new tube and dried
using a centrifugal vacuum concentrator (Genevac™
miVac; Genevac LTD, Ipswich, UK), and samples were
stored at —80°C until further analysis.

Multiple reaction monitoring profiling. Tar-
geted lipid profiling was performed using discovery
MRM profiling methods and instrumentation as re-
cently reviewed by Xie et al. (2021). Specifically, dried
lipid extracts were diluted in 50 pL of methanol/
chloroform 3:1 (v/v) and 250 pL of injection solvent
(acetonitrile/methanol/ammonium acetate 300 mM
3:6.65:0.35 [v/v/v]) to obtain a stock solution. Mass
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spectrometry data were acquired by flow-injection (no
chromatographic separation) from 8 pL of stock solu-
tion that was diluted 300x in injection solvent that was
spiked with EquiSPLASH™ LIPIDOMIX® Quantita-
tive Mass Spec Internal Standard (0.1 ng/pL of each
of the internal standards) prior to being delivered using
a micro-autosampler (G1377A) to the ESI source of
an Agilent 6410 triple quadrupole mass spectrometer
(Agilent Technologies, Santa Clara, California). A
capillary pump was connected to the autosampler and
operated at a flow rate of 7 pL/min and pressure of
100 bar. Capillary voltage of the instrument was 4 kV,
and the gas flow was 5.1 L/min at 300°C.

The MRM-profiling method was used to profile
1,366 MRM related to lipids, from 11 lipid classes.
The MRM set included 152 phosphatidylethanol-
amines (PE), 62 acyl-carnitines (AC), 57 cholesteryl
esters (CE), 121 phosphatidylcholines (PC), 27 sphin-
gomyelins (SM), 148 phosphatidylinositols (PI), 152
phosphatidylglycerols (PG), 148 phosphatidylserines
(PS), 36 free fatty acids (FFA), 80 ceramides (CER),
and 383 triacylglycerols (TG). TG were profiled using
parent ions and a product ion related to the presence
of specific fatty acyl residues (C16:0, C16:1, C18:0,
C18:1, C18:2, and C20:4). The assigned short hand
identity, with TG 16:0_36:1 as an example, starts with
class (TG) followed by the fatty acyl chain related to
the product ion (16:0) and ends with the sum of the car-
bon:unsaturation number related to the other 2 fatty
acyl chains at the TG (e.g., 36:1), as recommended by
the Lipid Maps nomenclature group (Liebisch et al.,
2020). Phospholipids were identified by their class
(PG, PS, PI, PE, or PC), the number of carbon atoms
between both esterified fatty acids, and the number of
carbon—carbon double bonds present in the molecule,
e.g., PE (34:4). Ion intensity data of each MRM per
sample were obtained using in-house scripts that were
used for subsequent analysis.

Data analysis

Meat quality data were analyzed in a completely
randomized design considering treatment (F-H, F-L,
P-H, and P-L) as fixed effects and the animal as the
experimental unit. Data were analyzed using the PROC
MIXED procedure of SAS version 9.4 (SAS Institute
Inc., Cary, North Carolina). The least-squares means
(LSMEANS) statement was used to calculate the ad-
justed means for treatment, and the means were com-
pared by Student ¢ test. Differences were considered
statistically significant when P < 0.05 and marginally
significant when 0.05 < P <0.10.
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In order to avoid noisy MRM, ion intensities of
1.3-fold or higher than the ion intensity for a blank
sample were considered for statistical analysis.
Relative ion intensity was calculated for each MRM
by dividing its ion intensity by the sum of all ion inten-
sities across the sample. MRM were then assigned to
one of 3 lipid classifications: (A) TG; (B) PC, PE,
and SM; and (C) AC, CER, DG, FFA, PG, PI, and
PS. Using these designations, the following compari-
sons were made: (1) F-H versus P-L, which simulates
differences between traditional beef production sys-
tems; (2) F-L versus P-H, which reflects the effect of
nutrient type on lipid deposition; and (3) F-H versus
F-L and P-H versus P-L, which examine the effect of
growth rate on lipid deposition. The effect of treatments
on TG distribution in samples was analyzed using
3 distinct groupings for Student # test analysis: (1) total
number of carbons (e.g., TG (54)); (2) total number of
unsaturation (e.g., (:4)); and (3) total number of unsa-
turations grouped into 0, up to 2 and more than 3 unsa-
turations. The relative ion intensities were uploaded to
Metaboanalyst 5.0 (https://www.metaboanalyst.ca/)
(Chong et al., 2019). Relative ion intensity data were
normalized by auto-scaling, and statistical analysis
was performed using a Student ¢ test. Moreover, the
information of the internal standard was used to ob-
tain the relative quantification of the total TG, total
phospholipid, and phospholipid profile according to
its class. Differences were considered statistically sig-
nificant when P <0.05 and marginally significant
when 0.05 < P <0.10.

Principal component analysis (PCA) and heatmaps
were developed using the differentially abundant lipids
for each sample type. Quantitative enrichment analysis
were performed using lipid quantification data sets for
each treatment. The compound name was standardized
according to KEGG, HMDB, or PubChem ID, and the
library chosen was the SMPDB (Small Molecule Path-
way Database). Correlation analysis was performed
between beef quality traits and lipid compounds using
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the PatternHunter method with the Pearson’s correlation
applied as a distance measure.

Results

Meat quality analysis

Steaks from F-H animals had higher L* (P < 0.001;
lighter appearance), a* (P = 0.002; increased redness),
and b* (P <0.001; increased yellowness) than those
from other treatments (Table 1). Steaks from F-H also
had higher IMF (P =0.001) deposition than P-H and
P-L animals but no differences when compared with
F-L animals (P> 0.05). F-L animals had higher L*
(P <0.05) and similar IMF (P> 0.05) than P-H and
P-L animals, which did not differ for beef quality traits.
In addition, P-H and P-L animals had higher Warner-
Bratzler shear force (WBSF; less tender) than F-H and
F-L animals (P < 0.05).

Lipidomic analysis

Of the 1,366 ion transitions (MRM) scanned,
which are tentatively attributed at the lipid species
level, 440 were found to have an intensity of at least
1.3-fold higher than the blank sample (injection sol-
vent) (Supporting Information Table S1). These were
related mainly to TG (137) and PC (100) lipids.

Relative ion intensity data showed that 107 TG,
39 PC, 8 SM, 6 PE, 5 DG, 3 AC, 2 PG, 1 CER, and
1 CE were differentially abundant (P < 0.05) between
F-H and P-L animals (Supporting Information Table
S2). There were 51 PC, 10 SM, 9 AC, 9 PE, 9 TG,
4 PI, 3 DG, and 2 FFA that were differentially abundant
(P <0.05) between F-L and P-H animals (Supporting
Information Table S3), whereas there were 80 TG,
15 PE, 14 PC, 7 SM, and 1 DG differentially abundant
(P < 0.05) lipids between F-H and F-L animals (Sup-
porting Information Table S4). Moreover, 38 PC, 17
PE, 8 AC, 8 SM, 7 TG, 1 CE, 1 DG, 1 FFA, and 1 PS

Table 1. Means =+ standard errors of mean and probability (P value) of the effect of finishing regime and growth

rate on beef quality

Trait F-H F-L P-H P-L P value
L* 40.32+0.72 37.0°+0.72 35.0°+0.67 34.7°+0.62 <0.001
a* 19.32+0.55 16.9°+0.55 16.6°+£0.51 16.4°+0.47 0.002
b* 15.9%+0.51 12.8°+0.51 12.4>+0.48 12.2°+0.45 <0.001
Shear force, N 60.6"+4.32 64.2+4.32 86.0% +£4.00 78.12£3.74 0.004
Intramuscular fat, % 6.06°+0.76 4.95%+0.76 3.14°+£1.07 227°+1.07 0.001

*Values within a row with different superscripts differ significantly at P < 0.05.
F-H = feedlot finished, high growth rate (GR); F-L = feedlot finished, low GR; P-H = pasture finished, high GR; P-L = pasture finished, low GR.
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were differentially abundant (P < 0.05) between P-H
and P-L animals (Supporting Information Table S5).
Heatmap and PCA analysis revealed distinct clus-
ters in the F-H versus P-L comparison for the lipid sub-
sets A, B, and C (Figure 1A, 1B, and 1C). Distinct
clusters based on F-L versus P-H comparison were
observed for the lipid subset B (Figure 2B), but an
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overlap was observed for the lipid subsets A and C
(Figure 2A and 2C). Heatmap and PCA analysis also
revealed distinct clusters in the F-H versus F-L com-
parison for the lipid subset A and B (Figure 3A and
3B), but an overlap was observed for the lipid subset
C (Figure 3C). Distinct clusters based on P-H versus
P-L comparison were also observed for the lipid subset
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Figure 1. Principal component (PC) analysis scores plot and heatmap analysis (top 25 most informative lipids of each class) of lipidomic distribution
based on: (A) triglyceride (TG); (B) phosphatidylcholine (PC), phosphatidylethanolamine (PE), and sphingomyelin (SM); and (C) acyl-carnitine, ceramides
(CER), diglyceride (DG), free fatty acids and phosphatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidylserine (PS) between feedlot-finished
animals with high growth rate (F-H) and pasture-finished animals with low growth rate (P-L).
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Figure 2. Principal component (PC) analysis scores plot and heatmap analysis (top 25 most informative lipids of each class) of lipidomic distribution
based on: (A) triglyceride (TG); (B) phosphatidylcholine (PC), phosphatidylethanolamine (PE), and sphingomyelin (SM); and (C) acyl-carnitine, ceramides
(CER), diglyceride (DG), free fatty acids and phosphatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidylserine (PS) between feedlot-finished
animals with low growth rate (F-L) and pasture-finished animals with high growth rate (P-H).

B and C (Figure 4B and 4C), but an overlap was
observed for the lipid subset A (Figure 4A).

Total TG and TG profile according to the carbon
chain length and unsaturation degree is presented in
Table 2. F-H steaks had a greater TG concentration
than those from other treatments (P < 0.001), where-
as P-L steaks had less TG than F-L and P-H steaks
(P <0.05), which did not differ from each other

American Meat Science Association.

(P> 0.05). F-H steaks also contained a greater con-
centration of 48-carbon TG than those from other
treatments (P = 0.041), whereas P-L animals had less
52-carbon (P =0.031) TG and more 56- (P =0.027),
58- (P=0.053), and 64-carbon (P =0.043) TG than
other treatments. Moreover, P-L steaks contained
a lower concentration of TG with 3 (P <0.001) un-
saturations and a higher concentration of TG with 0
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Figure 3. Principal component (PC) analysis scores plot and heatmap analysis (top 25 most informative lipids of each class) of lipidomic distribution
based on (A) triglyceride (TG); (B) phosphatidylcholine (PC), phosphatidylethanolamine (PE), and sphingomyelin (SM); and (C) acyl-carnitine, ceramides
(CER), diglyceride (DG), free fatty acids and phosphatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidylserine (PS) between feedlot-finished

animals with high (F-H) and low (F-L) growth rate.

(P<0.001),1(P<0.001),5(P=0.017),6 (P =0.034),
7 (P=0.010), 8 (P <0.001), and 9 (P = 0.022) unsatu-
rations than F-H and F-L steaks, but they did not differ
from P-H steaks in the concentration of TG with 1, 3,
and 9 unsaturations (P > 0.05). Also, F-H steaks had less
TG with up to 2 unsaturations (P=0.012) and more
TG with more than 3 unsaturations (P < 0.001) when

American Meat Science Association.

compared with other treatments. There was no differ-
ence in total phospholipids and specific phospholipids
among the treatments (P > 0.05; Table 3).
Quantitative enrichment analysis revealed that the
main metabolic pathways that were affected by feeding
regime and growth rate (Figure 5) were glycerolipid
metabolism (P =0.004), phospholipid metabolism
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Figure 4. Principal component (PC) analysis scores plot and heatmap analysis (top 25 most informative lipids of each class) of lipidomic distribution
based on (A) triglyceride (TG); (B) phosphatidylcholine (PC), phosphatidylethanolamine (PE), and sphingomyelin (SM); and (C) acylcarnitine, ceramides
(CER), diglyceride (DG), free fatty acids and phosphatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidylserine (PS) between pasture-finished
animals with high (P-H) and low (P-L) growth rate.

(P =0.009), sphingolipid metabolism (P = 0.050), and
mitochondrial beta-oxidation of long-chain saturated

fatty acids (P =0.073).

Correlation analysis

Seven lipids (3 AC, 2 PC, 1 PE, and 1 SM) had
moderate (—0.4 > r> 0.4) and significant (P < 0.05)
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correlation with L* (Figure 6; Supporting In-
formation Table S6), whereas 43 lipids (featuring
22 TG, 9 AC, and 5 PG) had moderate and significant
correlations with a* (Figure 6; Supporting Infor-
mation Table S7) and 132 lipids (featuring 85
TG, 27 PC, and 15 PE) were moderately correlated
with  WBSF (Figure 6; Supporting Information
Table S8).
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Table 2. Means, standard errors of the mean (SEM), and probability (P value) of the effect of finishing regime and

growth rate on triglycerides profile evaluated by multiple reaction monitoring profiling

Item F-H F-L P-H P-L SEM P value
Total triglycerides, ng/ug muscle tissue 5.15° 3.82° 3.48° 2.23¢ 0.520 <0.001
Carbon number, %

48 15.442 13.55° 12.47° 13.29° 0.690 0.041
50 13.59 13.60 12.58 13.34 0.565 0.549
52 52.722 53.16* S51.712 49.20° 0.931 0.031
54 17.32° 18.29° 21.612 21.492 1.038 0.014
56 0.83° 1.22° 1.44° 2.33 0.328 0.027
58 0.08° 0.12° 0.14° 0.26* 0.044 0.053
64 0.03% 0.04° 0.05° 0.09* 0.014 0.043
Unsaturation number, %

0 1.41¢ 1.99% 2.35° 3.08° 0.219 <0.001
1 11.29¢ 13.63° 15.84* 16.19* 0.515 <0.001
2 41.39 41.66 41.67 39.71 0.650 0.132
3 38.20* 34.65° 31.94¢ 30.41¢ 0.792 <0.001
4 5.74 5.37 4.85 5.53 0314 0.255
5 0.44° 0.69° 0.81° 1.332 0.181 0.017
6 0.45P 0.63° 0.68° 1.142 0.158 0.034
7 0.15% 0.25° 0.29° 0.49* 0.064 0.010
8 0.84¢ 1.00°¢ 1.39° 1.832 0.138 <0.001
9 0.09° 0.14° 0.18% 0.29* 0.042 0.022
Grouped unsaturation, %

Upto2 52.68° 55.28* 57.52% 55.90* 0.930 0.012
More than 3 45.902 42.73% 40.13¢ 41.02% 0.892 <0.001

*“Values within a row with different superscripts differ significantlyat P < 0.05.
F-H = feedlot finished, high growth rate (GR); F-L = feedlotfinished, low GR; P-H = pasture finished, high GR; P-L = pasturefinished, low GR.

Table 3. Means, standard errors of the mean (SEM), and probability (P value) of the effect of finishing regime and
growth rate on phospholipids profile evaluated by multiple reaction monitoring profiling

Class, ng/pg muscle tissue F-H F-L P-H P-L SEM P value
Phosphatidylcholine 1.267 1.275 1.273 1.267 0.0031 0.146
Phosphatidylethanolamine 0.267 0.273 0.270 0.267 0.0032 0.405
Phosphatidylglycerol 0.030 0.028 0.030 0.027 0.0023 0.690
Phosphatidylinositol 0.065 0.077 0.077 0.062 0.0056 0.149
Phosphatidylserine 0.037 0.042 0.040 0.038 0.0030 0.683
Sphingomyelin 0.288 0.382 0.358 0.278 0.0517 0.423
Total phospholipids 1.953 2.072 2.043 1.937 0.0636 0.377

F-H = feedlot finished, high growth rate (GR); F-L = feedlot finished, low GR; P-H = pasture finished, high GR; P-L = pasture finished, low GR.

Discussion

Intramuscular fat mostly consists of structural lip-
ids, phospholipids, and TG (Listrat et al., 2016), which
is the result of the intake of fatty acids through the diet,
de novo fatty acid biosynthesis, TG formation, and TG
degradation (Nirnberg et al., 1999). IMF content is
mainly affected by cattle breed, diet composition,
and animal’s age (Niirnberg et al., 1999; Mwangi et al.,
2019; Wicks et al., 2019) but also depends on the
muscle growth rate (Hocquette et al., 2009). In the

American Meat Science Association.

present study, feeding regime and growth rate impacted
IMF deposition, mainly because F-H animals had
higher IMF deposition than P-L animals (Table 1).
However, under a similar growth rate, F-L and P-H ani-
mals had similar IMF deposition, suggesting that diet
was the main driver of IMF deposition. Koch et al.
(2019) also reported a higher IMF deposition in ani-
mals fed high-concentrate diets (higher ADG) when
compared with those fed high-quality forages (lower
ADQG). This is most likely due to increases in propio-
nate from starch-based diets, which is the primary lipid
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Figure 6. Top 24 lipids that were associated with beef color (L* and a*) and Warner-Bratzler shear force (WBSF) using Pearson’s correlation as a

distance measure.

precursor in intramuscular adipose tissue, compared
with acetate from a grass-based diet (Smith and Crouse,
1984). This may also help explain the higher IMF dep-
osition in feedlot animals fed ad libitum because there
would be even greater amounts of propionate com-
pared with those fed in feedlots to attain slower growth
rates comparable to P-L cattle. Therefore, feeding
regime or dietary component (grain vs. grass) was the
main factor altering IMF deposition.

In this study, F-H steaks had greater total TG dep-
osition than F-L and P-L animals, whereas P-H steaks
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had greater TG deposition than P-L cattle. In addition,
F-H steaks had a higher amount of unsaturated TG,
which was mainly due to TG with 3 double bonds
compared with other treatments (Table 2). These differ-
ences in TG profile may be partially explained by the
different requirements of TG mobilization in order to
release fatty acids so that they are oxidized in the
mitochondrial matrix as a source of energy for animal
growth, which may be supported by the impact of
treatments on mitochondrial beta-oxidation of the long-
chain fatty acids pathway. Ladeira et al. (2016, 2018)
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reported that higher levels of glycerol in the muscle, as
suggested in F-H animals in the present study, may be
indicative of TG hydrolysis, which may support mito-
chondrial oxidation as lower levels of free carnitine
may reflect utilization for long-chain fatty acid trans-
port into the mitochondria. In the present work, F-H
animals had higher hexadecanedioic acid mono-L-
carnitine ester and stearoylcarnitine concentration than
P-L animals (Supporting Information Table S2), which
aid in the mechanism whereby long-chain fatty acids
are transferred from the cytosol to the mitochondrial
matrix to undergo beta-oxidation. Moreover, although
F-L animals had greater concentrations of 9 different
AC (including elaidic carnitine, O-oleoylcarnitine,
palmitoylcarnitine, and cervonyl carnitine) than P-H
animals, they had similar TG deposition and profile,
except for TG with 1 and 3 unsaturations, which may
be attributed to differences in the feeding regime.
Therefore, these results may indicate that growth rate
had the greatest impact at altering TG deposition and
TG profile.

In addition to the neutral lipids primarily consisting
of TG, IMF is also composed by polar lipids, contain-
ing mostly phospholipids (Legako et al., 2015). Scollan
et al. (2014) reported that the overall fat content of the
animal and muscle has an important impact on propor-
tionate fatty acid composition because of the different
fatty acid composition of TG and phospholipids. Wood
et al. (2004) stated that cattle with lower levels of IMF
are expected to produce meat with a higher amount of
unsaturated fatty acids, which are restricted almost
exclusively to the phospholipid fraction. Moreover,
Bressan et al. (2016) reported that the IMF profile
largely depends on the finishing system, in which
grain-fed animals have more saturated fatty acids
whereas grass-fed animals have more unsaturated fatty
acids. In the present study, despite the higher deposi-
tion of IMF and unsaturated TG in F-H steaks com-
pared with other treatments, feeding strategies did
not change the concentration of phospholipids or total
phospholipid deposited in the lean. However, phospho-
lipid profiles within classification were impacted, in
that P-L steaks had greater amounts of most PC, PE,
and SM compared with F-H steaks whereas P-H beef
had more PC, PE, and SM compared with F-L steaks
(Table 3). These data may be explained by changes
in the IMF composition caused by the impact of the
treatments on the glycerolipid metabolism pathway
(Figure 5). Moreover, PC, PE, and SM did not present
a clear abundance direction when comparing growth
rate within the feeding regime (F-H vs. F-L and P-H
vs. P-L). Differences in phospholipid profiles across
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treatments may be partially explained by the impact
of the treatments on the phospholipid biosynthesis
and sphingolipid metabolism pathways (Figure 5).
Therefore, these results may indicate that feeding
regime (grain vs. pasture) seemed to be the main factor
that altered phospholipid profile.

Some MRM from the PC, PE, SM, and AC classes
were positively correlated with beef lightness (L*)
(Supporting Information Table S6). Specifically, SM
(d18:1/24:1(15Z)) was the most correlated MRM with
L*, in addition to being one of the top 25 MRM clus-
tered to distinguish F-H versus P-L and F-H versus
F-L (Figure 1B and 3B, respectively). Interestingly, al-
though SM(d18:1/24:1(15Z)) content was 1.07- and
1.14-fold higher in F-L and P-L when compared with
F-H, respectively, lower L* values were observed in
F-L and P-L steaks. The SM(d18:1/24:1(15Z)) is a type
of sphingolipid found in animal cell membranes that
helps prevent damage to the cell structure (Gault et al.,
2010). Hughes et al. (2020) reported that the lipid com-
ponent of cell membranous structures is believed to be
partially responsible for light scattering; thus, micro-
structural components in muscle cells dictate light
scattering and beef lightness. The results of this study
suggest that modifications to the cell structure (such as
the fluidity of membrane increasing the permeability),
mainly in F-H steaks when compared with other treat-
ments, contributes to the light scattering process, in
which light is diffused or deflected by collisions with
particles of the medium that it transverses. Similarly,
Koch et al. (2019) observed lighter steaks from feed-
lot-fed cattle with higher marbling scores and lipid
content within the muscle, because greater IMF depo-
sition alters the muscle structure (Valenzuela et al.,
2020). Moreover, Bate-Smith (1948) reported that light
scattering is also partially dependent on the texture of
the meat surface, which is in agreement with the WBSF
data found in this study, where pasture-fed animals pro-
duced less tender meat and lower L* values than feed-
lot-fed animals.

In the present study, several TG, AC, and PG were
correlated with a* (redness) (Supporting Information
Table S7), in addition to being among the top 25 MRM
clustered, in their subset lipid, to distinguish between
F-H and P-L (Figure 1). The direction of the correlation
was observed to be conditional to the MRM concentra-
tion in the F-H and P-L groups but not in the F-L and
P-H groups, in which the higher concentration in the
F-H group compared with the P-L group contributed
to a greater correlation. Overall, most of the TG and
AC were negatively correlated with a*, which may
suggest that the accumulation of compounds by
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oxidation of unsaturated fatty acids and meat phospho-
lipids is correlated with myoglobin oxidation in fresh
beef (Faustman et al., 2010). Ramanathan et al. (2020)
reported that changes in oxymyoglobin and a* values
appeared to be driven by the oxidation of unsaturated
fatty acids in phospholipids and TG. Specifically, in
this study, PG(34:1) and PG(36:2) were the most pos-
itively correlated MRM with redness, which is in good
agreement with their greater abundance in F-H steaks
compared with P-L steaks (Supporting Information
Table S2). PG(34:1) and PG(36:2) are precursors of
cardiolipins, which are plentiful in the intermembrane
of mitochondria and suggestive of increased mitochon-
drial activity (Chen et al., 2018) and presumably criti-
cal in achieving and maintaining a bright cherry-red in
fresh beef (Ramanathan and Mancini, 2018). There-
fore, changes in TG, AC, and PG profiles promoted
by increased growth rate may contribute to increased
redness in F-H steaks mainly through greater unsatu-
rated fatty acid oxidation and a corresponding increase
in mitochondrial activity.

Several TG, PC, and PE were positively corre-
lated with WBSF (Supporting Information Table
S8), in addition to being among the top 25 MRM clus-
tered, in their subset lipid, to distinguish between F-H
and P-L and between F-L and P-H (Figures 1 and 2,
respectively). The WBSF correlation was observed
to be conditional to feeding regime, in that the higher
the TG, PC, and PE concentration in pasture-fed ani-
mals compared with feedlot-fed animals, the higher
the correlation observed. Specifically, PE(18:2) was
the most positively correlated MRM with WBSF,
which belongs to the PE class that is implicated in cel-
lular apoptosis via mitochondrial permeability transi-
tion that was initiated by reactive oxygen species
(Kaku et al., 2015). Oak et al. (2000) reported that
PE degradation generates products that accelerate
membrane lipid peroxidation, causing oxidative stress
to cells, which positively affects the development of
tenderness (Gagaoua et al., 2015). These authors
hypothesized that PC hydrolysis at the first stage of
postmortem apoptosis may invert membrane polarity
(which will induce changes in membrane fluidity, thus
increasing the permeability to ions such as Ca>* and
increasing the p-calpain activity) and increase of beef
tenderness. The results of the present study may sug-
gest that steaks from feedlot-fed animals underwent
higher postmortem degradation of PC and PE than
pasture-fed animals. Therefore, although PC and PE
concentration were not altered (Table 3), their profiles
were modified by feeding regime and contributed to
the tenderization of beef.
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There are several possible explanations for the pos-
itive effect of lipids on tenderness, including the pres-
ence of TG within the perimysium in fat cells, which
might have a physical effect in the process of tenderi-
zation by separating muscle fiber bundles and opening
the muscle structure (Wood et al., 2004). Ouali et al.
(2013) suggested more active participation of lipids in
the tenderizing process through contributing to energy
production in the first hours after slaughter, mainly via
AMP-activated protein kinase (Scheffler and Gerrard,
2007). Polati et al. (2012) reported an increase of f3-
hydroxyacyl CoA-dehydrogenase, a member of the
beta-oxidation of lipids, which is indicative of TG
degradation and may be used as a biomarker of beef
tenderness. Therefore, the main reason for the changes
in TG and phospholipid profiles (which were caused
by the feeding regime) contributing to beef tenderness
is not completely clear, but results suggest that TG
and phospholipid profiles—and their degradation and
signaling—contribute to the development of tender
beef.

This study elucidated the effects of feeding regime
and growth rate on beef color and tenderness, as well
as on the profile of muscle lipids, using a lipidomics
approach based on MRM profiling. Lipid content and
profile differed from feeding strategies, which were
related to L*, a*, and tenderness. Overall, results indi-
cate that feeding regime is the main factor that is
responsible for altering IMF deposition and phospho-
lipid profiles, which contribute to the development of
beef lightness and tenderness. Moreover, growth rate
was the main factor that affected TG deposition and
profile, which was positively correlated with the red-
ness of the beef. New insights were elucidated on the
effects of feeding strategies on lipid profile in beef at
class and molecular levels. These findings provide a
comprehensive and in-depth understanding of lipido-
mic profiling of beef cattle finished under different
feeding strategies and provide a basis for the relation-
ship between lipid content and profiles and beef quality
development.
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