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a b s t r a c t

The objective of this study was to determine the effect of dietary supplementation of b-hydroxybutyric
acid (BHBA) on performance, nutrient digestibility, organ development, and serum composition in early-
weaned goat kids. Sixty-four goat kids at 30 d of age were assigned to 4 treatments in a completely
randomized design: 1) control (basal diet); 2) low (basal diet with 3 g/d per animal BHBA); 3) medium
(basal diet with 6 g/d per animal BHBA; and 4) high (basal diet with 9 g/d per animal BHBA). Subse-
quently, 48 (6 kids per treatment) goat kids were randomly selected and slaughtered at 60 and 90 d of
age. Compared with the control group, BHBA at low and high doses increased body weight (P < 0.05),
average daily gain (P < 0.01), and average daily starter intake (P < 0.01). The BHBA improved organ
development, especially at the lowest dose (P < 0.01). The digestibility of dry matter and crude protein
increased with age (P < 0.05). However, BHBA did not affect nutrient digestibility. Compared with the
control group, serum ceruloplasmin increased (P < 0.05) with high BHBA level at 90 d of age. However,
the serum creatinine (P < 0.05) increased over time but was not affected by BHBA. The serum total
antioxidant capacity and superoxide dismutase decreased with the high dose of BHBA at 90 d of age
(P < 0.01). In contrast, the serum glutathione peroxidase and malondialdehyde increased with the high
doses of BHBA (P < 0.01). Overall, low doses of BHBA were positive for growth performance, organ
development, and health status against weaning stress. Whereas high doses of BHBA in the long term
could negatively affect antioxidant status.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Early weaning of goat kids is a common practice in intensive
feeding systems, as it reduces rearing costs (Liao et al., 2019). In
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contrast to natural weaning, early weaning is stressful due to the
sudden change from liquid to solid diets (Magistrelli et al., 2013).
Weaning stress could negatively affect feed intake, growth perfor-
mance, antioxidant capacity, and acute-phase proteins (Haley et al.,
2005; Magistrelli et al., 2013; Chen et al., 2020). The change from
milk to solid feed at weaning could also affect the rumen devel-
opment of goats, which is the most crucial physiological challenge
from birth to 2 months old (Jiao et al., 2015). Factors affecting
rumen development at this stage include weaning time, type of
solid feed, and feeding time (Eckert et al., 2015; Kim et al., 2016). In
this regard, early weaning of lambs with alfalfa feeding increased
creep feed intake compared with suckling lambs (�Alvarez-
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Table 1
The ingredients and chemical composition of basal diets (%, DM basis).

Item Milk replacer Starter diet

Ingredients
Corn 50.0
Soybean meal 25.0
Bran 10.0
Premix1 2.50
Salt 0.50
Sodium bicarbonate 1.00
Calcium bicarbonate 4.00
Corn husk 15.0

Chemical composition
DM 95.5 91.2
ME2, MJ/kg 19.36 13.38
OM 89.0 84.2
EE 16.0 3.73
CP 25.5 19.4
Ash 6.54 7.03
NDF e 33.2
ADF e 15.9
Ca 1.02 0.95
P 0.66 0.70

DM ¼ dry matter; ME ¼ metabolizable energy; OM ¼ organic matter; EE ¼ ether
extract; CP ¼ crude protein; NDF ¼ neutral detergent fiber; ADF ¼ acid detergent
fiber.

1 The premix provides per kilogram of diet: vitamin A, 12,000 IU; vitamin D3,
2,000 IU; vitamin E, 30 IU; Cu, 12 mg; Fe, 64 mg; Mn, 56 mg; Zn, 60mg; I, 1.2 mg; Se,
0.4 mg; Co, 0.4 mg; Ca, 3.2 g; P, 1.2 g; NaCl, 6.4 g.

2 ME was calculated by the equations from NRC (2001).
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Rodríguez et al., 2010).Whereas weaning of calves at 8 weeks of age
was less stressful than weaning at 6 weeks due to the high solid
feed intake before and after weaning (Eckert et al., 2015). The
currently accepted theory is that solid feed intake before weaning
promotes the development of rumenmorphology (Kim et al., 2016),
including the forestomach weight, and papillae concentration
(Khan et al., 2007), and then the growth performance (Khan et al.,
2007; Wang et al., 2016). Furthermore, the early feeding of a solid
diet contributes to the early establishment of rumen microflora
followed by a high concentration of volatile fatty acids (VFA) in the
rumen, which could stimulate the early development and matu-
ration of rumen epithelium tissue (Drackley, 2008; Cui et al., 2020).
Indeed, Lv et al. (2019) found that the increase in ruminal VFA in
lambs fed with starter feed was positively related to nutrient
intake.

The transition from neonatal to functional rumen is accompa-
nied by the conversion from endogenous glucose metabolism into
fatty acid metabolism (Baldwin and Jesse, 1992; Girard et al., 1992).
The development of rumen metabolic function depends on the
ability of rumen epithelial cells to absorb VFA and produce ketones
(Lane et al., 2002; Khan et al., 2011b). The ketogenic effect is a
critical physiological transition for developing rumen metabolic
functions (Chai et al., 2017; Zhang et al., 2017). Ketogenesis occur-
ring in rumen epithelial cells refers to the conversion of acetyl-CoA
from butyrate into b-hydroxybutyric acid (BHBA) and acetoacetic
acid (Lane et al., 2002), which is the primary pathway for VFA
metabolism (Penner et al., 2011). In fact, Sun et al. (2018) found that
starter feeds increased butyrate concentrations and tended to in-
crease serum BHBA. Therefore, BHBA as a biomarker is considered
to play a vital role in the development of rumen epithelium
metabolic functions. However, the mechanism of BHBA in rumen
development during weaning transition phase remains unclear.

In summary, the substantial development of rumen is an
essential factor for early-weaned goats to digest solid feed, syn-
thesize and utilize fermentation products (VFA) (Eckert et al., 2015).
The BHBA is supposed to promote early rumenmetabolic functions.
However, to our knowledge, the effect of dietary BHBA supple-
mentation has not been investigated. We hypothesized that BHBA
supplementation could trigger rumen anatomical development
andmetabolic function, andmitigate the adverse effects of weaning
stress. Therefore, the objective of this study was to investigate the
effect of supplementing BHBA on growth performance, organ
development, and serum composition of goat kids; and to deter-
mine the appropriate dietary inclusion level of BHBA.

2. Materials and methods

This study was conducted between June 10, 2020, and August
10, 2020, at Haimen goat farm, Jiangsu, China (latitude, 31�530 N;
longitude 121�090 E). The experimental work was performed
following the guidelines approved by the Animal Ethics Committee
of the Chinese Academy of Agricultural Sciences (Protocol number:
AEC-CAAS-20200605; Approval date: June 3, 2020).

2.1. Animals and treatments

Sixty-four goat kids (half males and half females) of 30 d old
(5.14 ± 1.08 kg of live weight) were separated from their dams and
used in this study. The kids were assigned to 4 treatments in a
completely randomized design (8 replicates per treatment). Dietary
treatments consisted of the basal diet supplemented with 0 (CON),
3 (low dose, LD), 6 (medium dose, MD), or 9 (high dose, HD) g/d per
animal BHBA. The BHBAwas based on BHBANawith a purity of 99%
(Wuhan Huajiu Pharmaceutical Technology Co., Ltd., China). The
experiment lasted a total of 2 months.
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2.2. Feeding and management

The kids were housed in 32 covered pens (one replicate 2 kids
for each pen) with a slatted floor (2 m � 2 m) and equipped with
feeders and water buckets. The initial body weight was recorded at
30 d old, then the body weight was recorded monthly (at 60 and
90 d of age). The average daily gain was calculated based on body
weight. The early-weaned kids were offered milk replacer at 2% of
body weight and solid commercial starter feed ad libitum. After
60 d of age, milk replacer was removed, and solid feed became the
only feed source. The experimental diet was provided twice daily at
08:00 and 14:00, and the offered amount was adjusted to reach 10%
refusal. Orts were collected from each pen and weighed daily
throughout the experiment to determine the average daily feed
intake. The diets were formulated to meet the nutrient re-
quirements of goat kids (NRC, 2007) with an average daily weight
gain of 200 g. The ingredients and the chemical composition of the
diets are shown in Table 1.

2.3. Digestibility trial

The digestibility trial was conducted 4 days before the end of the
first and second months of the experiment. Feces from each kid
were collected for 4 consecutive days using a plastic screen and
weighed before morning feeding. The feed and feces samples
collected during the experiment were oven-dried at 65 �C for 48 h
and ground to pass through a 0.9-mm screen before determining
the chemical composition. Samples were analyzed in duplicate for
drymatter (DM,method No. 934.01), crude protein (CP, method No.
954.01), ash (method No. 942.05), and ether extract (EE, method
No. 920.39) according to AOAC (2003). The organic matter (OM)
was calculated by subtracting the ash content from the DM of
samples. Neutral detergent fiber (NDF), and acid detergent fiber
(ADF) were determined based on the method described by Van
Soest et al. (1991). Acid-insoluble ash (AIA) was used to estimate
the digestibility of a certain nutrient according to the description of
Van Keulen and Young (1977) using the following formula:
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Digestibility ð%Þ ¼ 100�
�
A1
A

� B
B1

�
� 100;

where A is the content of a given nutrient in the diet (%), A1 is the
content of the same nutrient in the feces (%), B is the content of AIA
in the diet (%), and B1 is the content of AIA in the feces (%).
2.4. Slaughter trial

Goat kids were slaughtered at the abattoir from the Haimen goat
farm. At 60 and 90 d of age, 6 goat kids per treatment were
randomly selected and sacrificed to determine the rumen, kidney,
and liver weights, as well as the pH of the ruminal fluid. The pH of
ruminal fluid (50 mL per animal) was determined using an auto-
matic pH detector (Testo Instruments International Trade Co., Ltd.,
China).
Table 2
Effect of dietary supplementation of BHBA on growth performance of early-weaned
goat kids.

Item Treatment BW, kg DMI, g/d ADG, g/d
2.5. Blood samples collection and analysis

The jugular blood samples were obtained at the slaughter (60
and 90 d of age). Blood samples were collected into a 10 mL serum
tube and centrifuged (1,006 � g, 10 min, 4 �C). Then, the aliquots of
serum were frozen immediately at �20 �C until later analysis. The
serum analysis was performed at Beijing Jinhai Keyu Biotechnology
Development Co., Ltd. (Beijing, China). The serum samples were
analyzed for uric acid (mmol/L), creatinine (mmol/L), serum total
antioxidant capacity (TAOC, U/mL), glutathione peroxidase (GSH, U/
mL), superoxide dismutase (SOD, U/mL), and malondialdehyde
(MDA, nmol/mL). Biochemical analysis was determined using the
standard commercial kits and a Kehua ZY KHB-1280 automatic
biochemical analyzer (Shanghai Kehua Biological Engineering Co.,
Ltd., Shanghai, China) according to the manufacturer's instructions.
Serum haptoglobin (ng/mL) and ceruloplasmin (U/L) were
measured using ELISA kits (Beijing Jinhai Keyu Biotechnology
Development Co., Ltd.), following the manufacturer’s instructions.
Age
30 d CON 5.1f

LD 5.1f

MD 5.1ef

HD 5.2ef

60 d CON 6.2de 182.8e 35.2
LD 7.2d 229.4de 66.8
MD 7.2d 246.7de 66.4
HD 7.0d 222.3de 61.8

90 d CON 7.7cd 294.4cd 35.2
LD 10.6ab 443.6a 100.1
MD 9.1bc 353.5bc 62.5
HD 11.1a 436.0ab 109.2

SEM 0.45 26.50 13.80
Age 30 d 5.1

60 d 6.9 220.3 57.5
90 d 9.6 381.9 76.7

SEM 0.24 13.30 7.00
Treatment CON 6.3 238.6 35.2b

LD 7.6 336.5 83.5a

MD 7.1 300.1 64.4ab

HD 7.8 329.2 85.5a

SEM 0.36 23.40 10.60
P-value
Age <0.01 0.06
Treatment 0.01 <0.01
Age � Treatment <0.01 0.18

BHBA ¼ b-hydroxybutyric acid; BW ¼ body weight; DMI ¼ average dry matter
intake of the starter diet; ADG ¼ average daily gain; CON ¼ control; LD ¼ low dose
(3 g/d per animal BHBA); MD ¼ medium dose (6 g/d per animal BHBA); HD ¼ high
dose (9 g/d per animal BHBA); SEM ¼ the standard error of the means.
a,b,c,d,e,f Means with different superscripts within the same column differ signifi-
cantly (P < 0.05).
2.6. Statistical analyses

Body weight, average daily gain (ADG), and starter feed intake
during 30, 60, and 90 d of age were achieved by an ANOVA with
repeated measures within a completely randomized design using
theMIXED procedure of SAS (SAS Enterprise Guide 5.1, SAS Institute
Inc., Cary, NC) according to the following model:

Yijk ¼ m þ Ti þ dij þ Ak þ (T � A)ik þ eijk ,

where m is the overall mean; Ti is the effect of treatment i (0, 3, 6 or
9 g/d per animal BHBA); Ak is the effect of age k (30, 60 or 90 d);
(T � A)ik is the effect of interaction between treatment iwith age k;
dij is the random error related to the variance between animals
within treatment; eijk is the random error related to the variance
between measurements within animals.

Data are presented as least squares means using the PDIFF with
no ADJUST option being specified. Significant differences were
declared at P < 0.05.

In addition, nutrient digestibility, organ development, rumen
pH, and serum parameters were analyzed using a two-way ANOVA
design according to the following model:

Yijk ¼ m þ Ti þ Aj þ(TA)ij þ eijk ,

where m is the overall mean; Ti is the effect of treatment i; Aj is the
effect of age j; (TA)ij is the interaction between treatment i and age j;
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eijk is the random error. Significant differences were declared at
P < 0.05. Data were presented as means and pooled standard error.
3. Results

3.1. Growth performance

The effect of dietary supplementation of BHBA on growth per-
formance of early-weaned goat kids is shown in Table 2 and Fig. 1.
The age, BHBA, and their interaction affected (P < 0.01) the body
weight and dry matter intake (DMI) of starter in goat kids. The age
and the interaction between age and BHBA had no effect (P > 0.05)
on the ADG of goat kids, but the BHBA had an effect (P < 0.01).
Specifically, the body weight of goat kids was similar (P > 0.05)
among different BHBA treatments at 30 and 60 d old, but it was
higher (P < 0.01) in LD and HD groups compared with CON and MD
groups at 90 d old. Similar treatment effects (P < 0.01) were
observed for DMI of starter feed. The ADG had no change (P > 0.05)
at different ages, but it was higher (P < 0.01) in LD and HD groups
compared with the CON group across different ages.
3.2. Nutrient digestibility

The age, BHBA, and their interaction had no effect (P > 0.05) on
the digestibility of organic matter, ash, NDF and ADF (Table 3). The
BHBA and the interaction between age and BHBA had no effect
(P > 0.05) on the digestibility of DM and CP, but the age had an
effect (P < 0.05). Specifically, the digestibility of DM and CP
increased over time (P < 0.05).



Fig. 1. Effect of dietary supplementation of b-hydroxybutyric acid (BHBA) on the
average daily feed intake of the early-weaned goat kids. CON ¼ control; LD ¼ low dose
(3 g/d per animal BHBA); IMD ¼ medium dose (6 g/d per animal BHBA); HD ¼ high
dose (9 g/d per animal BHBA).

Table 3
Effect of dietary supplementation of BHBA on the nutrient digestibility of the early-
weaned goat kids (%).

Item Treatment DM OM CP Ash NDF ADF

Age
60 d CON 70.8 72.9 67.4 42.6 64.9 54.3

LD 71.0 73.0 68.6 40.7 61.6 53.2
MD 69.7 71.9 66.7 40.6 62.0 52.6
HD 70.7 72.8 68.1 43.1 63.5 55.7

90 d CON 72.4 74.7 70.5 42.1 63.3 54.3
LD 71.6 73.3 71.4 49.6 60.3 47.6
MD 73.4 75.8 68.6 42.0 69.0 59.6
HD 75.1 77.1 74.0 47.0 63.4 53.5

SEM 1.73 1.81 2.26 2.83 3.57 4.08
Age 60 d 70.5b 72.6 67.7b 41.8 63.0 54.0

90 d 73.1a 75.2 71.1a 45.1 64.0 53.7
SEM 1.07 0.91 1.13 1.42 1.79 2.04
Treatment CON 71.6 73.8 68.9 42.3 64.1 54.3

LD 70.3 73.2 70.0 45.2 61.0 50.4
MD 71.5 73.8 67.7 41.3 65.5 56.0
HD 72.9 75.0 71.0 45.1 63.5 54.6

SEM 1.22 1.28 1.60 2.01 2.53 2.88
P-value
Age 0.04 0.06 0.04 0.10 0.69 0.94
Treatment 0.79 0.80 0.51 0.44 0.65 0.56
Age � Treatment 0.67 0.65 0.84 0.39 0.59 0.48

BHBA ¼ b-hydroxybutyric acid; DM ¼ dry matter; OM ¼ organic matter; CP ¼ crude
protein; NDF ¼ neutral detergent fiber; ADF ¼ acid detergent fiber; CON ¼ control;
LD¼ lowdose (3 g/d per animal BHBA); MD¼mediumdose (6 g/d per animal BHBA);
HD ¼ high dose (9 g/d per animal BHBA); SEM ¼ the standard error of the means.
a,b Means with different superscripts within the same column differ significantly
(P < 0.05).
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3.3. Organ development

The age and BHBA had an effect (P < 0.01) on the weight of
rumen, liver, and kidney, but the interaction of age and BHBA did
not affect (P > 0.05) them (Table 4). The age and BHBA had no effect
(P > 0.05) on rumen pH, but their interaction affected (P < 0.05) it.
Specifically, organ weight showed an increase (P < 0.01) over time.
Furthermore, the LD group increased (P < 0.01) the weight of
rumen, liver, and kidney compared with the CON group. The MD
group showed higher (P < 0.01) liver weight than the CON group.
No significant differences were observed (P > 0.05) between the HD
and the CON group. In addition, the LM group had lower (P < 0.05)
pH than the other three groups at 90 d old.
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3.4. Acute-phase protein response

The age, BHBA, and their interaction had an effect (P < 0.05) on
the serum concentrations of ceruloplasmin (Table 5). The age and
BHBA had no effect (P > 0.05) on the serum concentrations of
haptoglobin, but their interaction affected (P < 0.05) it. Specifically,
compared with the CON group, the HD group increased cerulo-
plasmin concentration (P < 0.05) at 90 d old. The serum concen-
trations of haptoglobin in the HD groupwas lower (P < 0.01) at 60 d
but was higher (P < 0.01) at 90 d compared with the CON group.

3.5. Serum antioxidant status and kidney function

The age, BHBA, and their interaction had no effect (P > 0.05) on
the serum concentrations of uric acid (Table 6). The BHBA and the
interaction between BHBA and age had no effect (P > 0.05) on the
serum concentrations of creatinine, but the age affected (P < 0.05)
it. The age, BHBA, and their interaction had an effect (P < 0.01) on
the serum concentrations of TACO, GSH, SOD andMDA. Specifically,
the serum creatinine was higher (P < 0.05) at 90 d than 60 d of age.
The serum concentrations of TAOC and SOD were decreased
(P < 0.01) whereas the GSH and MDA were increased (P < 0.01) in
the HD group compared with the other groups at 90 d. However, at
60 d of age, the differences of antioxidant capacity between groups
were not significant (P > 0.05).

4. Discussion

4.1. Growth performance

Offspring spend less time eating after weaning, which reduces
feed intake and weight gains (Haley et al., 2005). In this study, the
interaction effects of BHBA supplementation and age on the body
weight, average daily gain, and starter feed intake indicated that
both the age and dietary BHBA supplementation are vital in the
growth and development of goats. The positive effects of BHBA
supplementation agree with previous studies on the butyrate
supplementation (Kotunia et al., 2004; Mazzoni et al., 2008), which
was reported to stimulate growth performance and feed intake in
lambs (Cavini et al., 2015; Chai et al., 2017), calves (Guilloteau et al.,
2009), post-weaned heifers (Stahl et al., 2020), pre-weaned pigs
(Mazzoni et al., 2008), and growing-finishing pigs (Sun et al., 2020).

4.2. Nutrient digestibility

In this study, the digestibility of DM and CP increased over time,
which could be attributed to the rumen development and the
improved solid feed intake. A high feed intake of highly nutritious
diets improves the intake and digestibility of nutrients due to the
increased nutrient availability for rumen fermentation and micro-
bial growth (Sauerwein et al., 2005). However, nutrient digestibility
in this study was not affected by dietary BHBA. Similar to our re-
sults, sodium butyrate supplementation did not affect the nutrient
digestibility in post-weaned heifers (Rice et al., 2019; Stahl et al.,
2020). The lack of BHBA effect on digestibility could be due to the
weaning of goats and the introduction of the solid diet, which is
helpful for rumen development (Kim et al., 2016). Further research
is needed to investigate the role of BHBA in young ruminants.

4.3. Organ development

The rumen development was improved over time, as evidenced
by the increase of rumen weight, which was more evident after
BHBA supplementation. Several studies indicated that rumen
development can be promoted by higher solid feed intake during



Table 4
Effect of dietary supplementation of BHBA on organ development and rumen pH of the early-weaned goat kids.

Item Treatment Rumen weight, g Liver weight, g Kidney weight, g Rumen pH1

Age
60 d CON 77.5 118.3 32.5 5.88ab

LD 114.2 185.0 42.5 5.90ab

MD 110.8 184.2 39.2 5.69ab

HD 90.0 160.0 33.3 5.93ab

90 d CON 102.5 210.8 44.2 5.98a

LD 228.3 340.0 58.3 5.48b

MD 176.7 282.5 48.3 6.08a

HD 183.5 278.3 49.2 6.01a

SEM 20.80 22.80 3.37 5.000 � 10�7

Age 60 d 98.1b 161.9b 36.9b 5.84
90 d 172.7a 277.9a 50.0a 5.81

SEM 10.40 11.40 1.69 2.500 � 10�7

Treatment CON 90.0b 164.6b 38.3b 5.93
LD 171.2a 262.5a 50.4a 5.64
MD 143.7ab 233.3a 43.7ab 5.85
HD 136.7ab 219.2ab 41.2b 5.97

SEM 14.70 16.10 2.39 3.500 � 10�7

P-value
Age <0.01 <0.01 <0.01 0.77
Treatment <0.01 <0.01 <0.01 0.08
Age � Treatment 0.18 0.52 0.70 0.02

BHBA¼ b-hydroxybutyric acid; CON¼ control; LD¼ low dose (3 g/d per animal BHBA); MD¼medium dose (6 g/d per animal BHBA); HD¼ high dose (9 g/d per animal BHBA);
SEM ¼ the standard error of the means.
a,b Means with different superscripts within the same column differ significantly (P < 0.05).

1 SEM for rumen pH was in the H ion form.

Table 5
Effect of dietary supplementation of BHBA on serum acute-phase proteins of the
early-weaned goat kids.

Item Treatment Ceruloplasmin, U/L Haptoglobin, ng/mL

Age
60 d CON 61.8abc 98.7ab

LD 64.2a 97.8ab

MD 62.1abc 86.1bc

HD 63.1ab 80.9c

90 d CON 58.8bc 86.4bc

LD 58.0c 91.9abc

MD 59.5abc 92.3abc

HD 64.0a 100.4a

SEM 1.05 3.00
Age 60 d 62.8 90.9

90 d 60.1 92.8
SEM 0.53 1.50
Treatment CON 60.3 92.6

LD 61.1 94.9
MD 60.8 89.2
HD 63.5 90.6

SEM 0.74 2.10
P-value
Age <0.01 0.38
Treatment 0.02 0.28
Age � Treatment 0.02 <0.01

BHBA ¼ b-hydroxybutyric acid. CON ¼ control; LD ¼ low dose (3 g/d per animal
BHBA); MD ¼ medium dose (6 g/d per animal BHBA); HD ¼ high dose (9 g/d per
animal BHBA). SEM ¼ the standard error of the means.
a,b,c Means with different superscripts within the same column differ significantly
(P < 0.05).
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the post-weaning period (Khan et al., 2011a; Beiranvand et al.,
2014), which provided readily fermentable carbohydrates and
enhanced production of VFA, especially butyrate (Steele et al.,
2009). As a member of VFA, butyrate promotes rumen develop-
ment by increasing VFA absorption, energy mobilization, and the
tight junction improvement (Baldwin et al., 2012; Steele et al.,
2013). BHBA is an indicator of VFA utilization (Quigley et al.,
1991) and a marker of rumen development (Quigley et al., 1991;
Meale et al., 2015). The improvement of rumen and other organs
development in this study indicated the potential and beneficial
effects of BHBA as a growth promoter for ruminants. The ruminal
fluid pH decreased (P < 0.05) in the low BHBA group at 90 d of age.
The drop of pH could be attributed to rapid fermentation resulting
from increased feed intake, digestibility and readily available car-
bohydrates (Khan et al., 2008; Laarman et al., 2012).

4.4. Acute-phase protein response

In ruminants, haptoglobin and ceruloplasmin are vital acute-
phase proteins that can be increased due to infection and inflam-
matory conditions (Gånheim et al., 2003). Studies have shown that
haptoglobin can be increased from negligible circulating concen-
trations in healthy animals to 100-fold in animals with infections
(Earley and Crowe, 2002). The acute-phase protein can be used to
evaluate weaning stress (Kim et al., 2011; Magistrelli et al., 2013). In
calves, Hulbert et al. (2011) found that serum haptoglobin was high
at 24 - 45 d of age and subsequently decreased at 45 - 66 d of age,
suggesting that calves were less stressed at that age (Arthington
et al., 2003). In this study, serum concentrations of ceruloplasmin
decreased with age, whereas serum haptoglobin was not affected.
One explanation for this decline may be the adaptive response
against weaning over time.

The serum haptoglobin decreased with increase of dietary BHBA
at 60 d, indicating the beneficial effect of BHBA to overcome the
stress of weaning. However, at 90 d of age, haptoglobin and ceru-
loplasmin were higher in the high BHBA dose group than in the
CON group. Interestingly, high concentrations of haptoglobin were
observed in the circulation and milk of dairy cows with circulating
20
concentrations of BHBA higher than 1.6 mM in the last week before
calving (Hiss et al., 2009). These results indicated that in the long
term, a high dose of BHBA is not recommended.
4.5. Serum antioxidant status and kidney function

Creatinine is a by-product of endogenous muscle metabolism,
and its serum concentration is lower in immature animals and will
increase in muscular animals (Sargent et al., 2021). In this study,



Table 6
Effect of dietary supplementation with BHBA acid and age on serum antioxidant capacity and kidney function of early-weaned goat kids.

Item Treatment UA, mmol/L CRE, mmol/L TAOC, U/mL GSH, U/mL SOD, U/mL MDA, nmol/mL

Age
60 d CON 10.1 16.0 11.0bc 7.72ab 123.2bc 4.78ab

LD 14.1 21.7 11.2bc 7.61bc 127.8b 4.55bc

MD 11.6 17.9 11.2bc 7.69ab 124.8bc 4.74ab

HD 13.4 17.7 11.2bc 7.80ab 123.8bc 4.77ab

90 d CON 14.9 19.4 12.3a 6.94c 144.1a 3.88c

LD 11.6 20.1 12.1a 7.06bc 143.0a 3.92c

MD 8.27 26.7 11.7ab 7.32bc 131.6ab 4.35bc

HD 11.0 24.2 10.8c 8.31a 111.7c 5.24a

Pooled SEM 2.98 2.53 0.18 0.150 3.01 0.150
Age 60 d 12.3 18.3b 11.2 7.68 124.9 4.71

90 d 11.4 22.6a 11.7 7.41 132.6 4.34
Pooled SEM 1.51 1.27 0.09 0.070 1.53 0.080
Treatment CON 12.5 17.7 11.7 7.33 133.7 4.33

LD 12.8 20.9 11.6 7.34 135.4 4.23
MD 9.94 22.3 11.5 7.50 128.2 4.54
HD 12.3 20.9 11.0 8.00 117.8 5.01

SEM 2.13 1.79 0.13 0.110 2.16 0.110
P-value
Age 0.69 0.02 <0.01 0.01 <0.01 <0.01
Treatment 0.77 0.31 <0.01 <0.01 <0.01 <0.01
Age � Treatment 0.50 0.22 <0.01 <0.01 <0.01 <0.01

BHBA ¼ b-hydroxybutyric acid; UA ¼ uric acid; CRE ¼ creatinine; TAOC ¼ total antioxidant capacity; GSH ¼ glutathione peroxidase; SOD ¼ superoxide dismutase;
MDA ¼ malondialdehyde; CON ¼ control; LD ¼ low dose (3 g/d per animal BHBA); MD ¼ medium dose (6 g/d per animal BHBA); HD ¼ high dose (9 g/d per animal BHBA);
SEM ¼ the standard error of the means.
a,b,c Means with different superscripts within the same column differ significantly (P < 0.05).
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serum creatinine increased from 60 d to 90 d of age, however,
serum uric acid and creatinine were not affected by dietary BHBA
supplements, suggesting the normal liver and renal functions of
goat kids.

The complex system of antioxidant enzymes is necessary to
protect the organism from harmful prooxidants. TAOC indicates the
body's oxidation resistance potential (Cao et al., 2014). In compar-
ison, MDA is one of the final products of polyunsaturated fatty acid
peroxidation in cells and is considered an oxidative stress marker
(Gaweł et al., 2004). In this study, serum TAOC and SOD concen-
trations were lower, whereas serumMDA concentrationwas higher
at 60 d than at 90 d, indicating that weaning caused oxidative stress
and free radical generation. In studies of piglets and children, it was
also found that early weaning increased MDA concentration and
decreased antioxidant enzyme activity (Zhu et al., 2012; Chen et al.,
2020). Furthermore, the genes related to the antioxidant enzymes
and digestive enzymes were downregulated after weaning (Zhu
et al., 2012). The GSH activity was decreased at 3 d and recovered
later due to the adaptation of animals over time (Yin et al., 2014).
However, in the present study, GSH decreased (P < 0.01) at 90 d of
age, which could be considered a long-term impact of early
weaning stress.

At 90 d of age, the high dose of BHBA decreased the serum
TAOC and SOD concentrations, and increased serum MDA con-
centration. However, no significant differences were observed
between groups at 60 d of age. These findings suggested that long-
term high-dose BHBA may increase oxidative stress due to the
presence of high ketone concentration. Similarly, previous studies
on cows and buffalos also confirmed that serum BHBA is associ-
ated with oxidative stress (Li et al., 2016) and serum MDA and
BHBA were positively correlated (Bernabucci et al., 2005; Youssef
et al., 2010).
5. Conclusions

Overall, dietary BHBA supplementation improved the growth
performance and organ development of early weaned goat kids
over time, especially at low doses. However, high dose BHBA
21
increased acute-phase protein response and oxidative stress at 90 d
old. The current study findings indicate that high dose BHBA is
mainly effective in the early growth stage. In the long run, a low
dose seems to be safer andmore efficient than a high dose, as it will
not increase oxidative stress.
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