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ABSTRACT. In total, 27 sows (41st day of pregnancy) were divided into three
groups: LD, ND and HD, and fed 200, 800 and 3200 IU of vitamin D3/kg basal
diet, respectively. All their offspring pigs were fed the same vitamin D3 replete
diet. On day 150, 18 offspring (sex balance, 6 offspring per maternal diet group)
were weighed and slaughtered to investigate effects of maternal vitamin D3
status on quality and water distribution in pork during frozen storage. It was
shown that in longissimus dorsi muscles from all groups L*, b* values, thawing
loss, cooking loss, T21 and T22 relaxation times increased with frozen storage
(P < 0.05), whereas a* value and shear force decreased with frozen storage
(P < 0.05). In addition, in comparison with HD group, meat from LD group had
higher L* and b* values, thawing loss, shear force, and T22 relaxation times
(P < 0.05). Whereas cooking loss and T21 relaxation times of longissimus dorsi
muscles in offspring born in HD group were lower (P < 0.05) than that in those
born in ND and LD groups, while a* values of meat from LD group were lower
(P < 0.05) than that from ND and HD groups during frozen storage. It was
indicated that maternal vitamin D3 status influenced meat colour, thawing loss,
cooking loss, shear force and water distribution of longissimus dorsi muscles
in offspring, and maternal vitamin D3 supplementation could decrease quality
deterioration of muscles, and prolong meat quality during frozen storage.

Introduction
Vitamin D3 is an important regulator of adipogenesis, and it is correlated with fat accumulation. It
was found that maternal vitamin D3 status influenced
adipocyte commitment and differentiation of musculus longissimus dorsi in piglets via changing adipogenic genes expression (Guo et al., 2020a). Meanwhile, maternal vitamin D3 affected intramuscular
fat (IMF) content and meat quality of offspring pigs
by regulating fatty acid synthesis and hormone sensitive lipase mRNA expression (Guo et al., 2020b).
In addition, vitamin D also has important direct

effects on skeletal muscle (Abrams et al., 2018), and
improving maternal vitamin D3 status can promote
prenatal skeletal muscle development in offspring
pigs by regulating the expression of muscle transcription factors (Zhou et al., 2016). These results
suggested that maternal vitamin D3 concentrations
affected meat quality attributes and eating quality of offspring pigs. It was previously found that
fat accumulation, especially the suitable amount of
IMF could significantly improve the taste of meat,
palatability, juiciness, tenderness, flavour and, finally, the meat quality (Hunt et al., 2014; Bauer et al.,
2016). The eating quality of pork is usually affected
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by flavour, tenderness and juiciness (Aaslyng et al.,
2003; Miao et al., 2016). Lipid oxidation and degradation, and the water-soluble components in meat
(sugars and amino acids induced by Mailard reaction)
has been considered to infuence flavour deterioration
in meat (Mottram, 1998). Meat tenderness is usually
affected by the myofibrillar effects and the presence
and cross-linking of conncetive tissue. It was observed
that tender meat contains more IMF and less conncetive tissue (Miao et al., 2016), and there is a positive
correlation between IMF content and meat tenderness (Houbak et al., 2008; Magnabosco et al., 2016).
The juiciness of meat is often influenced by raw meat
quality and cooking procedure, and it is correlated
to the IMF content in pork. It was previously noted
that higher content of IMF is associated with better
meat quality (Fernandez et al., 1999; D’Souza and
Mullan, 2002; Ventanas et al., 2007). Frozen storage
is an important method for long-term preservation of
pork quality, nutritional value, colour and flavour of
meat, however it reduces juiciness, tenderness, as well
as eating quality, nutritional value, colour and flavour
of meat, reduces juiciness and tenderness, as well as
decreases eating quality (Zhang et al., 2017a; Zhang
et al., 2019). It was shown that ice crystals will disrupt
muscle cells and cause quality loss in muscle tissue
during frozen storage. Water plays an important role
in meat production, and the distribution of water in
meat affected juiciness and tenderness of meat (Trout,
1988). Freezing and thawing could increase drip loss,
and decreases sensory quality of meat. Bound, immobilized and free water in muscle tissues are main types
of water components. In addition, ice crystal in muscle tissues was formed by immobilized and free water during freezing (Xia et al., 2009). The changes in
water mobility and distribution of meat can be investigated through low flied nuclear magnetic resonance
(LF-NMR) (Zhang et al., 2017a). Although, freezing
could influence meat quality and prolong the shelf
life of meat. However, there were little reports about
effects of maternal vitamin D3 on quality and water
distribution in longissimus dorsi muscle of offspring
piglets during frozen storage. Therefore, the present
study was aimed to investigate the changes of thawing loss, colour, cooking loss and water distribution
in longissimus dorsi muscle of offspring pigs during
frozen storage. These data would provide the theory
basis for the prolongation and protection of pork quality in offspring pigs during frozen storage by maternal vitamin D3 nutrition. So, it was hypothesized that
maternal vitamin D3 supplementation would improve
meat quality attributes and water holding capacity of
longissimus dorsi muscles in offspring pigs during
frozen storage.

Material and methods
Animals
In total, 27 pregnant sows (41st days of pregnancy) with the same parities and similar body
weights (144.6 ± 2.3 kg) were randomly divided
into low vitamin D3 (LD), normal vitamin D3 (ND)
and high vitamin D3 (HD) groups, each group includes 3 replicates with 3 sows per replicate, which
were fed 200, 800 and 3200 IU of vitamin D3/kg
basal diet, respectively (Table 1). Animals were fed
these diets throughout pregnancy until giving birth.
From giving birth to weaning (day 28 of piglet age),
all lactating sows were switched to the ND diets.
Table 1. Composition of gestation and lactation diets fed to sow
Indices
Ingredient, %
maize
wheat bran
soyabean
fish meal
limestone
CaHPO4
salt
premix1
total
Nutrients2
digestible energy, MJ/kg
crude protein, %
Ca, %
available P, %
lysine (Lys), %
methionine (Met), %
Met+Cys, %

Gestation diet

Lactation diet

61.91
16
19
0
1.5
0.29
0.3
1
100

68
8.02
20
1
1.5
0.18
0.3
1
100

13.03
16.45
0.68
0.36
1.04
0.24
0.52

13.42
16.77
0.70
0.36
1.09
0.27
0.54

Vitamin D3, IU/kg
LD group
200
ND group
800
800
HD group
3200
1
provided per kg of diet, mg: Cu 10 (lactation diet), 20 (gestation diet),
Fe 80, Mn 25, Zn 100, I 0.2, Se 0.2, vit. K3 1, vit. B1 1, riboflavin 3.75,
vit. B6 1, vitamin B12 15, pantothenic acid 12, niacin 10, choline 1.25;
IU: vit. A 4000 (lactation diet), 2000 (gestation diet), vit. E 44;
2
analysed values except digestible energy calculated according to
swine National Research Council (NRC, 2012) values

During this period, all sows in gestation and lactation were housed in temperature-controlled gestation
stalls (2.1 × 0.6 m) and farrowing crates (2.1 × 0.6 m
for the sow and 2.1 × 1 m for the offspring pigs), respectively. After weaning, 72 offspring piglets (sex
balance) from the group of 348 offspring were allotted into 3 groups depending on the level of the
vitamin D3 given to their mothers. Each group has
3 replicates with 8 offspring piglets (sex balance)
per replicate. All offspring were fed the same vitamin
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D3 replete diets (Table 2), and reared in temperaturecontrolled pens from days 28 to 150 of age. At their
predesignated slaughter age (day 150 of age), 6 offspring pigs with similar body weight from each group
(2 offspring pigs per replicate, sex balance) were randomly selected to weigh and slaughter for tissue collection. In this study, all sows and their offspring pigs
had ad libitum access to an experimental diet, and
water via nipple drinkers.
Table 2. Composition of diets fed to offspring pigs
Indices

28–90
days of age

91–150
days of age

Ingredient, %
maize
71.95
76.5
soyabean
24
20
limestone
0.7
0.9
CaHPO4
1.7
1.2
lysine
0.25
0.21
salt
0.4
0.4
premix1
1
1
total
100
100
Nutrients2
digestible energy, MJj/kg 13.75
13.79
crude protein, %
17.78
15.65
Ca, %
0.71
0.67
available P, %
0.42
0.35
lysine (Lys), %
0.96
1.11
methionine (Met), %
0.27
0.26
Met+Cys, %
0.55
0.52
1
provided per kg of diet, mg: Cu 10, Fe 80, Mn 30, Zn 80, I 0.5,
Se 0.3, vit. K3 1.86, vit. B1 3, riboflavin 3.6, vit. B6 1.5, vitamin B12
20, pantothenic acid 18, niacin 26, choline 56; IU: vit. A 5850, vit. E
20, vit D3 1251; 2 analysed values except digestible energy calculated
according to swine National Research Council (NRC, 2012) values

Samples preparation
At day 150 of offspring age, longissimus dorsi
muscle samples were collected within 24 h after
slaughtering. Animal diets, feeding trait and slaughter methods are consistent with our previous study
(Guo et al., 2020a,b). Samples preparation of porcine
longissimus dorsi muscles were according to previous reports (Zhang et al., 2019). The muscle samples
were frozen at −20 °C until the geometric centre temperature reached approximately −18 °C. After then,
all samples of longissimus dorsi muscles were stored
at −18 °C for 0, 24, 48, 72 and 96 h, respectively.
Six chops for every group (at each storage time) were
used for analysis.

Meat colour measurement
The frozen meat samples were thawed in refrigerator at 4 °C for 12 h. And then, the colour of thawed
samples (longissimus dorsi muscles) was analysed by

colorimeter (Konica Minolta CR 410, Sensing Inc.,
Osaka, Japan). L*, a* and b* values of meat colour
represents lightness, redness and yellowness, respectively (Jia et al., 2012).

Thawing loss, cooking loss and shear force
measurement
The thawing loss was calculated based on the
percentage weight ratio of longissimus dorsi muscle
before and after thawing. The equation was as
follows:
thawing loss, % = (Mb− Ma)/Mb
where: Mb and Ma – weight of the meat sample before
and after thawing, respectively.
Thawing meat samples were packed with a plastic bag and kept in 85 °C water for 20 min until the
geometric centre temperature reached approximately 75 °C. Cooking loss was calculated according to
the percentage weight ratio of meat before and after
cooking:
cooking loss, % = (Mb− Ma)/Mb
where: Mb and Ma – weight of thawed meat sample
before and after cooking, respectively.
Thawed meat samples were used to determine
shear force with a CLM-4 digital explicit muscle
tenderness meter (School of Engineering, Northeast
Agricultural University, Harbio, China). Shear force
of thawed meat was calculated according to pervious
report (Laville et al., 2007).

Low field nuclear magnetic resonance
(LF-NMR)
LF-NMR relaxation time was performed
according to the methods as described in previous
report (Zhang et al., 2018) using a LF-NMR
imaging analyser (NMI20-040V-I; Suzhou Newmai
Analytical Instrument Co., Suzhon, China).
The thawed meat samples (1.5 cm diameter and
3 cm length of cylindrical tube) were placed into
18-mm cylindrical tubes for analysis. The transverse
relaxation time (T2) was determined by a CarrPurcell-Meiboom-Gill pulse sequencer (Niumag
Electric Corp, Shanghai, China) at 32 °C, 200 μs
(time between 90° and 180° pulse), and 22.4 MHz
resonance frequency. For each sample 8 scans were
carried out at a 3 s-interval with a total of 2000 echoes.

Statistical analysis
Data was analysed using a one-way ANOVA
procedure of SPSS 17.0 for Windows (SPSS, Inc.,
Chicago, IL, USA). Significant differences among
all treatment means were estimated at P < 0.05 by
Duncan’s multiple range tests. The results were presented as mean ± SD (standard deviations).
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Results

Thawing loss, cooking loss and shear force

Meat colour
As shown in Table 3, L* and b* values of longissimus dorsi muscle in offspring pigs from all groups
increased with frozen storage time. At 0 h, L* and b*
values in HD, ND and LD groups were 54.14, 56.97,
59.65 and 5.85, 6.23, 7.95, and at 96 h increased
to 57.58, 60.64, 61.63 and 7.95, 8.67, 9.40, respectively (P < 0.05). L* and b* values in ND group were
lower than that of LD group, and were higher than
that of HD group during frozen storage. a* value in
all groups decreased with frozen storage time. In
HD, ND and LD groups it was 8.23, 8.11, 7.26 at
0 h, and at 96 h decreased to 7.35, 7.08, 6.34, respectively (P < 0.05). a* values in LD group were
lower than that in ND and HD groups during frozen
storage (P < 0.05).

As shown in Table 4, thawing loss and cooking
loss of longissimus dorsi muscles in all groups increased with frozen storage time (P < 0.05). Whereas, shear force in all groups decreased with frozen
storage time (P < 0.05). Thawing loss and shear
force in ND group was lower than that of LD group,
while was higher than that of HD group during frozen time (P < 0.05). Cooking loss in HD group was
lower than that in ND and LD groups during frozen
storage (P < 0.05).

LF-NMR relaxation time
As shown in Table 5 and Figure 1, T21 and T22
relaxation times of longissimus dorsi muscles in
all groups increased with frozen storage, whereas,
no differences in T2a relaxation times in all groups
were observed during frozen storage (P > 0.05).

Table 3. Changes in colour of longissimus dorsi muscles in offspring pigs during frozen storage
Frozen storage time, h

Indices

Treatment

0

24

48

72

L*

HD

54.14 ± 1.17bC

56.75 ± 1.80aC

56.98 ± 1.37aC

57.22 ± 1.09aC

57.58 ± 1.16aC

ND

56.97 ± 0.96

57.18 ± 0.82

59.06 ± 0.64

60.14 ± 0.53

aB

60.64 ± 0.87aB

LD

59.65 ± 0.50bA

59.94 ± 0.60abA

61.22 ± 0.38aA

61.55 ± 0.23aA

61.63 ± 0.29aA

HD

8.23 ± 0.13

8.28 ± 0.12

7.66 ± 0.15

7.48 ± 0.13

7.35 ± 0.12bA

ND

8.11 ± 0.13aA

8.16 ± 0.13aA

7.31 ± 0.15bA

7.21 ± 0.14bA

7.08 ± 0.13bA

LD

7.26 ± 0.17

7.04 ± 0.16

6.65 ± 0.13

6.52 ± 0.15

abB

6.34 ± 0.12bB

HD

5.85 ± 0.16cC

7.32 ± 0.12bC

7.49 ± 0.13bC

7.74 ± 0.14abC

7.95 ± 0.12aC

ND

6.23 ± 0.14

7.66 ± 0.17

7.95 ± 0.13

8.35 ± 0.12

aB

8.67 ± 0.13aB

LD

7.95 ± 0.12cA

9.22 ± 0.14aA

9.40 ± 0.16aA

a*

b*

bB

aA

aB

cB

abB

aA

aB

bB

8.45 ± 0.15bA

aB

abA

abB

abB

8.98 ± 0.15abA

96

abA

HD – group fed high level of vitamin D3 (3200 IU/kg basal diet); ND – group fed normal level of vitamin D3 (800 IU/kg basal diet);
LD – group fed low level of vitamin D3 (200 IU/kg basal diet); L* – lightness, a* – redness, b* – yellowness; ABC – means within a column with
different capital superscripts are significantly different at P < 0.05; abc – means within a row with different small superscripts are significantly
different at P < 0.05
Table 4. Changes in thawing loss, cooking loss and shear force of longissimus dorsi muscles in offspring pigs during frozen storage
Indices

Treatment

Thawing loss, % HD

Frozen storage time, h
0

24
1.64 ± 0.11

eC

48

1.78 ± 0.22

dC

72

1.93 ± 0.14

cC

96

2.13 ± 0.16

bC

2.28 ± 0.21aC

ND

2.11 ± 0.12eB

2.31 ± 0.14dB

2.44 ± 0.17cB

2.65 ± 0.22bB

2.94 ± 0.23aB

LD

2.35 ± 0.18

2.57 ± 0.15

2.81 ± 0.21

3.12 ± 0.24

bA

3.38 ± 0.26aA

Cooking loss, % HD

eA

dA

cA

28.84 ± 1.13bB

29.29 ± 1.08abB

30.56 ± 1.27aB

31.22 ± 1.60aB

32.04 ± 1.37aB

ND

31.88 ± 0.84

32.01 ± 0.95

32.88 ± 0.85

33.48 ± 0.76

aA

34.18 ± 0.86aA

LD

32.66 ± 0.98bA

32.94 ± 1.05abA

33.24 ± 1.08abA

33.89 ± 0.95aA

34.76 ± 0.71aA

2.86 ± 0.08

2.77 ± 0.14

2.53 ± 0.13

2.46 ± 0.12

bC

2.42 ± 0.12bC

Shear force, kg HD

bA

aC

abA

aC

abA

abC

ND

3.31 ± 0.34aB

3.14 ± 0.22aB

3.02 ± 0.17abB

2.99 ± 0.18bB

2.98 ± 0.17bB

LD

3.58 ± 0.22

3.46 ± 0.17

3.38 ± 0.15

3.42 ± 0.14

3.26 ± 0.13bA

aA

aA

abA

aA

HD – group fed high level of vitamin D3 (3200 IU/kg basal diet);, ND – group fed normal level of vitamin D3 (800 IU/kg basal diet);, LD – group fed
low level of vitamin D3 (200 IU/kg basal diet); ABC – means within a column with different capital superscripts are significantly different at P < 0.05;
abc
– means within a row with different small superscripts are significantly different at P < 0.05
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Table 5. Changes in LF-NMR relaxation times of longissimus dorsi muscles in offspring pigs during frozen storage
Frozen storage time, h

Indices

Treatment

T2a

HD

0.50 ± 0.02

ND

0.50 ± 0.05aA

0.53 ± 0.03aA

LD

0.50 ± 0.01

0.51 ± 0.02

HD

13.56 ± 0.69bB

15.22 ± 1.42abB

ND

14.17 ± 1.17bA

LD

14.18 ± 1.31

HD

167.17 ± 0.96bC

230.32 ± 9.17abB

ND

183.48 ± 8.06

cB

231.16 ± 10.14

LD

192.20 ± 8.33cA

262.62 ± 8.73bA

T21

T22

0

24

48

0.55 ± 0.02

aA

aA

bA

72

0.53 ± 0.04

96
aA

0.54 ± 0.02aA

0.54 ± 0.02aA

0.55 ± 0.02aA

0.55 ± 0.03aA

0.56 ± 0.02

0.56 ± 0.02

aA

0.56 ± 0.03aA

15.58 ± 1.30abB

15.96 ± 0.75aB

16.14 ± 0.85aB

15.99 ± 0.58abA

16.42 ± 0.55abA

16.81 ± 0.96aA

16.94 ± 1.11aA

16.14 ± 0.66

16.38 ± 0.60

16.89 ± 0.52

aA

17.21 ± 0.56aA

234.45 ± 9.60abB

241.18 ± 7.50aC

248.47 ± 8.72aC

235.09 ± 10.33

269.95 ± 11.20

abB

291.18 ± 9.73aB

301.35 ± 13.42abA

324.42 ± 7.49aA

aA

aA

abA

bB

0.54 ± 0.03

aA

aA

abA

bB

272.23 ± 10.97bA

HD – group fed high level of vitamin D3 (3200 IU/kg basal diet); ND – group fed normal level of vitamin D3 (800 IU/kg basal diet);, LD – group fed
low level of vitamin D3 (200 IU/kg basal diet); ABC – means within a column with different capital superscripts are significantly different at P < 0.05,
abc
– means within a row with different small superscripts are significantly different at P < 0.05
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Figure 1. Three-dimensional T2a relaxation time plot of longissimus muscles in offspring pigs from LD, ND and HD groups during frozen storage;
HD – group fed high level of vitamin D3 (3200 IU/kg basal diet); ND – group fed normal level of vitamin D3 (800 IU/kg basal diet); LD – group fed
low level of vitamin D3 (200 IU/kg basal diet)

T21 relaxation times in HD group were lower than
that in ND and LD groups (P < 0.05). T22 relaxation
times in ND group were lower than that in LD group,
and were higher than that in HD group during frozen
storage (P < 0.05). There was no difference in T2a
relaxation times among HD, ND and LD groups
during frozen storage (P > 0.05).

Discussion
Meat colour. Meat colour usually affects
consumer’s purchasing decisions, and is used for
assessing freshness and attributes of meat quality

(Uhlirova et al., 2018). In this study, L* and b*
values of longissimus dorsi muscle in offspring pigs
from all groups increased with the prolongation of
frozen storage time. Whereas, a* value decreased
with extended frozen storage time. These results
suggested that meat colour was affected by frozen
storage time. Similar results were observed by
Zhang et al. (2019), who found that meat colour
of porcine longissimus muscles was influenced by
frozen storage time, and a* value decreased with
increasing frozen storage time, whereas, the change
trend of L* and b* values were opposite to that of
a* value. It was also found that there is a negative
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correlation between the a* value of frozen muscle
and frozen storage time. It may be due to the decrease
metmyoglobin-reducing enzymes activity with
prolonged frozen storage (Farouk and Swan, 1998).
Whereas, L* value increased with frozen storage
time. It may be due to the increase of muscle fibre
contraction during freezing, which reduced the light
scattering on the meat surface (Hector et al., 1992).
In this study, b* value also increased with frozen
storage time. Similar results were reported by Zhang
et al., (2019), which may be related to increase in
protein oxidation and thiobarbituric acid-reactive
substance during frozen storage.
In this study we have found that in comparison
with HD group, in LD group higher L* and b* values,
while lower a* values of longissimus dorsi muscles at
whole frozen storage periods were observed. These
results indicated that maternal vitamin D3 status may
influenced meat colour of frozen muscles in offspring, and maternal vitamin D3 deficiency decreased
sensory quality of meat. It was previously found that
pork colour discoloration is associated with pigment
and lipid oxidation (Mitsumoto et al., 1993). In our
study it may be due to maternal vitamin D3 status
which changed the activity of the oxidative processes
and pigment oxidation in longissimus dorsi muscles,
which influenced a*, L* and b* values of pork of offspring pigs. Similar results were observed by Duffy
et al. (2018), who found that dietary vitamin D2 decreased lipid peroxidation of longissimus thoracis
steak of pigs, improved redness value, and colour stability. Whereas, in other study it was found that supplementation of vitamin D3 did not influence a* and
b* values, while decreased L* value of pork in finishing pigs (Wilborn et al., 2004). Inconsistent research
results in meat colour might be due to species, ages,
dosage and duration of vitamin D3 feeding.
Thawing loss, cooking loss and shear force.
Freezing and thawing usually influenced the amount
of thawing loss and drip loss, and when the freezing
time was more than 19.5 min, the amount of thawing
loss and drip loss was significantly higher than
that before freezing (Leygonie et al., 2012). It was
demonstrated that thawing loss usually affects the
colour and sensory quality of meat (Xia et al., 2009),
and is associated with the destruction of muscle fibre
structure and the denaturation of protein (Leygonie
et al., 2012). In our present study, the thawing loss
of all groups increased with frozen storage, which
may be due to the fracture of muscle fibres caused
by the formation of ice crystals at frozen storage
(Rahelic et al., 1985). These results suggested
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that thawing loss of longissimus dorsi muscle in
offspring pigs were affected by frozen storage time.
Similar results were observed by Zhang et al. (2019),
who found that thawing loss of porcine longissimus
muscles (air freezing, immersion freezing and
ultrasound-assisted immersion freezing) increased
with frozen storage time. We have found for the
first time that thawing loss in offspring pigs from
LD group was significantly higher than that from
HD group, which indicated that maternal vitamin
D3 supplementation may reduce the formation of
ice crystals, and decrease damage of the muscle
structure during frozen storage, and improve water
holding capacity and meat quality attributes in
offspring pigs. In addition, maternal vitamin D3
deficiency increased destruction of muscle structure
and decreased the water binding capacity of muscle
in offspring pigs. These results indicated that after
thawing, in comparison with LD group, the muscle
samples from HD group had stronger ability to
reabsorb melted water back into the cells. Whereas,
its regulatory mechanism still needs to be further
studied.
Cooking loss is generally considered to be
the release of chemically bound water due to fat
melting and protein denaturation during cooking
(Vieira et al., 2009). There is a negative correlation
between cooking loss and eating quality of meat
(Aaslyng et al., 2003). In this study, cooking loss of
longissimus dorsi muscle from all groups increased
with frozen storage time. It can be suggested that the
quality of meat can still be lost during the process
of frozen storage. Similar results were observed by
Zhang et al. (2019), who found that cooking loss of
porcine longissimus muscles significantly increased
with the increase in frozen storage time. In HD
group the lowest cooking loss during frozen storage
was noted, which indicated that maternal vitamin
D3 supplementation could prolong and protect the
porcine meat quality through inhibiting the decrease
in cooking loss of longissimus dorsi muscle in
offspring pigs. It can be supposed that maternal
vitamin D3 supplementation maintained the integrity
of muscle tissue and decreased cooking loss in
offspring pigs. However, the underlying mechanism
still needs to be investigated in the future.
Shear force usually reflects the tenderness of
meat, and the increase in tenderness is associated to
the length of frozen storage (Leygonie et al., 2012).
In this present study, shear force of longissimus
dorsi muscle from all groups decreased with frozen
storage time. Similar results were observed by
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Kim et al. (2013), who found that shear force of
freeze-thawed pork decreased with storage time.
However, it was also observed that shear force of beef
decrased with frozen storage (Farouk et al., 2004;
Lagerstedt et al., 2008). Whereas, it is found that
freezing did not influenced shear force of beef (Vieira
et al., 2009). Inconsistent research results in shear
force value might be due to species, frozen storage
time and temperature. It was previously demonstrated
that shear force is negatively correlated to IMF
content of muscle (Magnabosco et al., 2016). In this
study, shear force in offspring pigs from LD group
were significantly higher than that from HD group,
which suggested that maternal vitamin D3 deficiency
may decreased the tenderness of longissimus dorsi
muscle in offspring pigs during frozen storage
through inhibiting the formation of IMF (Guo et al.,
2020b). These results indicated that maternal vitamin
D3 status could affect the meat quality attributes in
offspring pigs during frozen storage.
LF-NMR. LF-NMR can reflect the distribution
and migration of water in meat products, and T2a
represents the bound water, T21 corresponds to
the immobilized water, as well as T22 represents
the free water (Zhang et al., 2017b). In this study,
no differences in T2a relaxation time of all groups
were observed with frozen storage time. Whereas,
T21 and T22 relaxation times of all groups increased
with frozen storage. These results suggested that
the migration and distribution of water was affected
by frozen storage, and frozen storage could lead to
a certain level of the immobile water shifting to
free water. Similar results were reported by Zhang
et al. (2017a), who observed that T21 relaxation
times of porcine longissimus muscle increased with
the increased freeze-thaw cycles, which indicated
that frozen storage could reduce the abundance of
water in longissimus dorsi muscle. Other study
also reported that T21 relaxation times of hake
muscle increased with frozen storage (SanchezAlonso et al., 2012). These resutls may be due to
the formation of ice crystals during frozen storage,
which destroy the phsical structure of muscle
tissue, and resulting in the conversion of partially
immobilized water into free water (Leygonie
et al., 2012). In previous studies it was found
that relaxation time is correlatd to meat qualtiy
attributes, and higher T2 relaxation time usually
reflects higher thawing loss (Renou et al., 1985;
Zhang et al., 2019). We have also found that the
change in T2 relaxation times is simlilar to that of
the thawing loss during frozen storage. In addition,

Maternal vitamin D3 and meat quality in offspring

T21 and T22 relaxation times in offspring pigs from
HD group were significantly lower than that from
LD group, which indicated that maternal vitamin
D3 supplementation could increase water holding
capacity and meat quality in offspring pigs.
Whereas, maternal vitamin D3 deficiency increased
thawing loss and decreased water holding capacity
of offspring pigs during frozen storage.

Conclusions
Maternal vitamin D3 status significantly affected
meat quality attributes and water distribution
of longissimus dorsi muscles in offspring pigs
during frozen storage. Values of L*, b*, thawing
loss, cooking loss, T21 and T22 relaxation times
of longissimus dorsi muscles in all offspring pigs
from mothers fed 200, 800, and 3200 IU of vitamin
D3/kg basal diet during pregnancy increased with
frozen storage, whereas, a* value and shear force
decreased with frozen storage. In addition, maternal
vitamin D3 supplementation could improve meat
quality and water holding capacity of offspring
pigs during frozen storage.
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