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Abstract

This study aimed to investigate the metabolic effects of propylene glycol (PG) over

60, 90, and 120 days in lambs. Seventy-two weaned male lambs were allocated into

three groups: control (Con), PG1.5 (1.5 mL/kg live weight0.75), and PG3 (3 mL/kg live

weight0.75). Blood samples were collected at the beginning and slaughter days. Bio-

chemical parameters (glucose, triglycerides, ALT, AST, LDH, BUN, and insulin) and

gene and protein levels of peroxisome proliferator activated receptor gamma

(PPARγ), diacylglycerol o-acyltransferase 1 (DGAT1), carbohydrate responsive ele-

ment binding protein (ChREBP), and sterol regulatory element binding transcription

factor 1c (SREBP-1c) in the liver were determined. Glucose in PG1.5 was increased

on Day 60, while significant differences were observed in biochemical parameters

except for insulin on the 60, 90, and 120 days. Biochemical parameters such as ALT,

AST, LDH, and BUN increased over time, while triglycerides decreased. DGAT1 gene

and protein levels were lower, while SREBP-1c and PPARγ were higher in PG groups

on Day 60. While SREBP-1c was lower in PG1.5, ChREBP was higher in PG3 on Day

90. PPARγ, DGAT1, and ChREBP were upregulated in PG3 on Day 120. Positive cor-

relations were found between proteins. The long-term use of PG in lambs did not

have detrimental effects on metabolism. The study provides valuable insights into

the molecular mechanisms underlying the metabolic effects of PG in lambs, shedding

light on its potential applications in lamb production.
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1 | INTRODUCTION

Lamb meat is a nutrient-dense food that has been consumed by

humans for centuries. In addition to vitamins B6 and B12, it is a good

source of protein and minerals such as iron, zinc, and selenium. Lamb

meat also contains conjugated linoleic acid (CLA), a type of fatty acid

that provides health benefits such as reducing the risk of heart disease

and cancer. In recent years, there has been a growing interest con-

cerning the health benefits of lamb. In an increasingly conscious world

of consumption, lamb meat has emerged as a delicious and high-

quality animal product that stands out for healthy living (Benjamin

et al., 2015; Gonzales-Barron et al., 2021).

In order to meet the growing demand for lamb meat, it is impor-

tant to develop production targets that are both sustainable and prof-

itable. The production of lamb meat is a complex process that

involves several factors, including genetics, management, and nutri-

tion. Nutrition is one of the major crucial factors for lamb breeding,

and studies are being conducted on lamb fattening using different

rations and feed additives such as propylene glycol (PG) (Kenyon &

Corner-Thomas, 2022).

PG is a clear, colorless, and odorless liquid that is widely used in a

variety of industrial and consumer products. It is also a synthetic com-

pound that is used as a food additive and a livestock feed supplement.

In ruminant feeding, PG is used as a glucogenic precursor, and it can

be converted into glucose in the liver. This makes PG a potential treat-

ment for ketosis, a metabolic disorder that can occur in ruminants dur-

ing periods of negative energy balance. By converting PG to glucose,

blood glucose levels are maintained, and the production of ketone

bodies is prevented (Ayoub et al., 2015; Zhang et al., 2020). PG has

also been shown to be effective in reducing the risk of fatty liver in

ruminants (Rukkwamsuk et al., 2005).

In addition to protective effects for ketosis and fatty liver disease,

PG is also used in livestock farming for profitability purposes, such as

improving meat yield and fattening performance. However, limited

information is available regarding the metabolic effects of PG on

lambs. This study aims to investigate the metabolic effects of PG at

different doses over a period of 60, 90, and 120 days using biochemi-

cal and molecular parameters.

2 | MATERIALS AND METHODS

The animal experiment of the study was carried out at the Small Rumi-

nant Experimental Unit of the Agricultural Research and Application

Center of Erciyes University and approved by the Erciyes University

Local Animal Experiments Ethics Committee (decision no.: 19/044).

The study was conducted using 72 weaned male Akkaraman breed

lambs weighing between 15 and 20 kg in a 3 � 3 experimental design

with two dependent variables. The dependent variables were the PG

dosage (PG1.5: 1.5 mL/kg live weight0.75 and PG3: 3 mL/kg live

weight0.75) and the feeding period (60, 90, and 120 days), along with a

control group (Con).

The animals were provided with lamb fattening feed (2600 kcal/

kg Metabolic Energy and 16% Crude Protein) and clean water ad libi-

tum. Additionally, each animal received 100 g of dry hay daily. Before

the study began, the animals underwent a 1-week acclimation period

to the feed. Feed intake was monitored daily, and the PG dosage was

calculated based on the weekly average live weights of the animals.

The PG was administered orally to the lambs in the morning at 8:00

a.m. While group feeding was applied for lamb fattening feed, PG was

individually presented.

2.1 | Slaughtering, blood, and tissue collection

To measure the levels of glucose, triglycerides, ALT, AST, LDH, BUN,

and insulin, blood samples were collected at the first day of feeding

and slaughtered days (60, 90, and 120 days). Lambs in each group

were slaughtered after the 60th, 90th, and 120th days of the feeding

period. On each slaughter day, eight lambs were slaughtered from

each group (Con, PG1.5, and PG3). On the evening before slaughter,

the lambs were not fed but had unrestricted access to water. Follow-

ing slaughter, liver tissues were collected under nuclease-free condi-

tions and quickly frozen with liquid nitrogen. The collected liver

tissues were kept at �80�C until gene and protein analysis.

2.2 | Determination of biochemical parameters

Collected blood samples were centrifuged at 1500 �g for 10 min at

+4�C, and the obtained plasma samples were used for biochemical anal-

ysis. While glucose, triglycerides, ALT, AST, LDH, and BUN levels of the

lambs were analyzed using an autoanalyzer (Siemens Adcia 1800,

Japan), insulin was measured according to the manufacturer’s instruc-

tions by commercial ELISA kit (BT Lab, South Korea, Cat No: E0036Sh)

with the microplate ELISA reader (Allsheng AMR-100, China) at 450 nm.

2.3 | RNA isolation and cDNA synthesis

RNA isolation was performed from liver tissues according to the modi-

fied TRIzol method (Rio et al., 2010). Approximately 50 mg of tissue

exposed to 1 mL TRIzol Reagent (Thermo Fisher Scientific, USA, Cat

No: 15596018) was used. The obtained RNA pellets were air-dried

for 10 min. Subsequently, 30–100 μL of nuclease-free water was

added to RNA pellets and homogenized.

The concentration and purity of isolated RNA were measured

using a nucleic acid analyzer (Merinton-SMA 1000, China). The
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integrities of RNA samples were checked by 1% agarose gel electro-

phoresis. To eliminate potential genomic DNA, a DNA digestion pro-

tocol was applied using DNase I (Thermo Fisher Scientific, USA, Cat

No: EN0521). Subsequently, cDNA synthesis was performed using a

commercial kit (High Capacity Kit, Thermo Fisher Scientific, USA, Cat

No: 4368814) in a thermal cycler (Bio-Rad T100, USA). The protocol

was set as follows: 10 min at 25�C, 120 min at 37�C, and 5 min at

85�C. After the reaction, the samples were brought up to 200 μL and

stored at �20�C until further molecular analysis.

2.4 | RT-qPCR application

Even if many genes are responsible for the metabolic regulation in the

organism, some of them, particularly ChREBP, SREBP-1c, and PPARγ,

have major effects on metabolism (Özkan & Yakan, 2019). DGAT1 is

also known as a critical gene for fatty acid metabolism (Altwaty

et al., 2020; Pirzad et al., 2014). ChREBP, SREBP-1c, PPARγ, and

DGAT1 gene expression levels were determined in the liver. Peptidyl-

prolyl isomerase A (PPIA) and ribosomal protein lateral stalk subunit

P0 (RPLP0) housekeeping genes were used as reference genes. The

forward and reverse sequences of the primers used for the amplifica-

tion of the studied genes were designed by the authors using Primer-

Blast (National Center for Biotechnology Information [NCBI]) and

Primer3Plus (Table 1). The amplifications of the genes were deter-

mined using the SYBR Green I dye-containing kit (Power SYBR Green

PCR Master Mix; Thermo Fisher Scientific, USA, Cat No: 4368702) in

qPCR (Rotor-Gene Q MDx 5plex HRM; Qiagen, USA). Each sample

was run in triplicate, and the qPCR protocol consisted of an initial

denaturation at 95�C for 10 min, followed by 40 cycles of denatur-

ation at 95�C for 15 s and annealing/extension at 60�C for 60 s.

2.5 | Western blot analysis

Targeted protein levels encoded by ChREBP, SREBP-1c, PPARγ, and

DGAT1 genes in the liver were determined at the 60th, 90th, and 120th

days of feeding. Liver samples were homogenized by tissue homogenizer

(Biopreb, Allsheng, China) in phenylmethylsulphonyl fluoride (PMSF),

sodium orthovanadate, and protease inhibitor cocktail containing radio-

immunoprecipitation assay (RIPA) buffer (sc-24948; Santa Cruz, CA,

USA). Homogenates were incubated at 4�C for 30 min, then centrifuged

at 14,000 �g for 15 min at 4�C. Following centrifugation, the total pro-

tein concentration of the homogenized samples supernatant was deter-

mined at 562 nm with ELISA Reader (AMR-100; Allsheng, China) using

Pierce BCA Protein assay kit (23227, Thermo Fisher Scientific, USA).

Ten micrograms of total protein from each sample was used for

separation on 4%–12% Tris-Glycine gels. Following separation, the

proteins were transferred onto a nitrocellulose membrane (Invitrogen,

MA, USA). Following the transfer, non-fat milk powder (5%) in TBST

(10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Tween-20) was added

with gentle shaking at room temperature and incubated for 1 h for

blocking. Then, the blots were incubated overnight at +4�C with pri-

mary antibodies diluted in TBST containing 5% non-fat dry milk. The

membranes were washed three times in TBST and incubated for 1 h

at room temperature with goat anti-rabbit IgG (for ChREBP, SREBP-

1c, PPARγ, and DGAT1, 1:2500, 31460, Thermo Fisher Scientific,

USA) and goat anti-mouse secondary antibodies (for GAPDH,

1:10.000, 31430; Thermo Fisher Scientific, USA). Then, the mem-

branes were washed six times using TBST, and band images were col-

lected with ECL dye in the dark using the I-Bright 1500 (Invitrogen,

USA). The signal intensities of proteins were converted to quantitative

values using Image J (version 1.53k14). Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was used as a housekeeping protein.

2.6 | Statistical analysis

Statistical analyses were performed using Stata version 15.1 (StataCorp,

College Station, TX, USA). The variables were examined as parametric

test assumptions. The Spearman correlation coefficient was performed

to assess the correlation between biochemical parameters and targeted

protein levels of genes. To test the differences in each biochemical

parameter between sampling time (the first day of feeding and slaughter

T AB L E 1 Forward and reverse sequences of primers.

Genes Forward and reverse sequences Product length (bp)

ChREBP F-50-CCTTCAACGGGATGGTGTCT-30

R-50-AGAACAGTTGGTCGGAGAGC-30
106

SREBP-1c F-50-ATCTGTTGGAGCGAGCACTG-30

R-50-ATCCGAGGGCATCTGAGAAC0-30
93

PPARγ F-50-ACTTTGGGATCAGCTCCGTG-30

R-50-AACCATCGGGTCAGCTCTTG-30
146

DGAT1 F-50-GGACACAGACAAGGACGGAG-30

R-50-CAGAACTGAACAGGGAGTCCT-30
89

RPLP0 F-50-TCCTTCTTCCAGGCTTTAGGC-30

R-50-AATCAGCTGCACATCGCTCA-30
78

PPIA F-50-GCAAAGTGAAAGAGGGCATGAA-30

R-50-CAATGGTGATCTTCTTGCTGGT-30
87

Abbreviation: bp, base pair.
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day) in groups (Con, PG1.5, and PG3), two-way mixed ANOVA was

used. Sampling time, groups, and their interaction were included as a

fixed factor in statistical models. Pairwise comparisons were performed

using a Bonferroni adjustment. While geometric means were deter-

mined for housekeeping genes, expression levels of studied genes were

calculated with the 2-ΔΔCt method and presented as fold change

(Livak & Schmittgen, 2001). Moreover, the levels of proteins encoded

by target genes were determined with ANOVA in matched samples. To

assess the significance of differences in targeted protein levels of genes

between groups on each slaughtered day, Tukey’s test was performed

for multiple comparisons. Differences with p < 0.05 were considered

statistically significant. Results were calculated as “mean ± standard

error of mean” and presented in figures.

3 | RESULTS

On Day 60, an increase in blood glucose levels of the PG1.5 group

was detected (p < 0.01), while variations were observed in all

parameters except for insulin on the slaughter day compared with the

beginning of the study (Figure 1).

As indicated, there were no significant changes in the biochemical

parameters of the experimental groups in the 90th-day samples, but

significant differences occurred in all parameters except insulin and

glucose compared with the beginning of the study on the slaughter

day (p < 0.05). Triglyceride levels were decreased while ALT, AST,

BUN, and LDH levels were increased (Figure 2).

At the 120th day, it has been found that significant changes

occurred in the biochemical parameters studied, except for glucose

and insulin, in line with the results obtained from the 90th-day sam-

ples (p < 0.01) (Figure 3).

PPARγ protein levels were higher in the PG groups, while gene

expression levels of PPARγ were similar in the 60th-day samples. In

addition, DGAT1 was downregulated in both PG1.5 and PG3

(p < 0.05). Similar to gene expression results, DGAT1 protein levels

were lower in PG3. While ChREBP and SREBP-1c gene expression

levels were similar in all groups, SREBP-1c protein levels were found

to be higher in PG1.5 (p < 0.05) (Figure 4).

F I GU R E 1 Biochemical parameters of groups (Day 0 to Day 60). a, b, c, shows the difference between groups on the same days; A, B, shows
the difference between groups on the different days. *p < 0.05; **p < 0.01.
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PPARγ and SREBP-1c protein levels were similar in the 90th-day

samples. On the other hand, DGAT1 and ChREBP protein levels sig-

nificantly changed in groups. While the DGAT1 protein levels of the

PG1.5 group were significantly lower than PG3 (p < 0.05), PG groups

were similar to Con in terms of DGAT1 levels. In addition, ChREBP

protein levels were similar in the Con and PG1.5 groups, while they

were higher in the PG3 group (p < 0.05). SREBP-1c was downregu-

lated in PG1.5 (Figure 5).

Compared with Con, expression levels of PPARγ, DGAT1, and

ChREBP were upregulated in PG3 in the 120th-day samples

(p < 0.05). Moreover, DGAT1 and SREBP-1c gene expression levels

were higher in PG1.5 (p < 0.05). Protein levels were found to be sta-

tistically similar between the groups (Figure 6).

In addition to biochemical and molecular parameters, the relation-

ship between the studied parameters was also evaluated. According

to the results, a positive correlation was found between DGAT1 and

ChREBP proteins (p < 0.01). SREBP-1c and PPARγ were also posi-

tively correlated (p < 0.05). As expected, ALT and AST had a strong

positive correlation (p < 0.001). Moreover, LDH and BUN were posi-

tively correlated with ALT and AST (p < 0.001). While a weak but neg-

ative correlation was found between triglycerides and ChREBP

(p < 0.05), BUN was positively correlated with ALT, AST, and LDH

(p < 0.05). In addition, there was a negative correlation between BUN

and triglycerides (p < 0.01) (Table 2).

4 | DISCUSSION

PG has long been used as a glycogenic source in farm animals, espe-

cially in metabolic diseases such as ketosis (Kalyesubula et al., 2019).

However, studies on the long-term use of PG are limited. In this study,

it was determined that oral administration of different doses of PG to

lambs for 60, 90, and 120 days caused significant changes in biochem-

ical parameters. While PG is known to have glycogenic effects, it has

been found that plasma glucose levels increased in lambs fed with PG

for 60 days in addition to the normal ration, with a dosage of 1.5 mL/

kgLive Weight. However, plasma glucose levels in the PG3 were similar

to those in the Con. Furthermore, no significant difference in glucose

levels was observed among the PG groups during the 90- and

120-day feeding periods. This was considered to be related to the

duration of feeding and the dosage of PG used (Chiofalo et al., 2005;

Kalyesubula et al., 2019). In fact, in a study conducted with sheep

F I GU R E 2 Biochemical parameters of groups (Day 0 to Day 90). *p < 0.05; **p < 0.01; ***p < 0.001.
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treated with high doses of PG for 2 months, plasma glucose levels

were reported to be higher compared with the control group

(Chiofalo et al., 2005). The similar insulin levels among the groups,

together with the plasma glucose levels, were interpreted as an

expected result. Moreover, it can be stated that the use of PG at the

doses used in the study does not have a negative effect on energy

metabolism through glucose and insulin.

ALT and AST parameters are important biochemical parameters

that provide insights into liver physiology. In this study, similar to the

findings of dos Santos et al. (2015), no significant differences were

observed between the groups on different days. However, a signifi-

cant increase in both parameters was determined on the 60th, 90th,

and 120th days. The increase in these parameters is known to be

related to the energy content of the ration, diseases, and various che-

micals (Giráldez et al., 2021; Murray et al., 2009). The increase in ALT

and AST parameters over time, depending on liver physiology, is con-

sidered physiologically normal (dos Santos et al., 2015; Udum

et al., 2013).

Similar to ALT and AST parameters, it was determined that there

was no negative effect of PG on BUN and LDH, and these two param-

eters increased significantly over time. The results obtained are

consistent with similar studies and are associated with growth physi-

ology, similar to other parameters (Assunçao, 2012; dos Santos

et al., 2015; Lopez-Vargas et al., 2022; Udum et al., 2013).

Metabolic processes in the organism are under the control of

complex molecular mechanisms. Major influential genes involved in

physiological processes provide important insights at the mRNA and

protein levels for the evaluation of various physiological and patho-

logical conditions. PPARγ is a transcription factor with important

roles in energy metabolism. It belongs to the nuclear hormone

receptor superfamily and has been mainly studied in muscle and adi-

pose tissues, and its activity in adipose tissue has been reported to

increase depending on the energy content of the ration (Deng

et al., 2020; Su et al., 2019; Wang et al., 2018). PPARγ, which is

largely responsible for the balance between lipogenesis and lipolysis,

was increased at the protein level in both PG groups, although the

mRNA levels were similar between the PG groups after 60 days of

feeding. Considering that anabolic pathways are more active in the

early stages of nutrition, this finding was attributed to the feeding

period (Lehrke & Lazar, 2005).

DGAT1, which is involved in lipid accumulation and regulation of

fatty acid synthesis in mammals, is significantly associated with the

F I GU R E 3 Biochemical parameters of groups (Day 0 to Day 120). **p < 0.01; ***p < 0.001.
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F I GU R E 4 Gene and protein expression levels of slaughtered Day 60. a, b, shows the difference between groups. *p < 0.05.
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F I GU R E 5 Gene and protein expression levels of slaughtered Day 90. a, b, shows the difference between groups. *p < 0.05.
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F I GU R E 6 Gene and protein expression levels of slaughtered Day 120. *p < 0.05.
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activation of energy metabolism due to its relation to ration energy

content (Cui et al., 2019). Upregulation of the DGAT1 gene is reported

to increase the rate of triglyceride storage in various tissues, including

skeletal muscle, liver, and adipose tissue (Altwaty et al., 2020; Pirzad

et al., 2014). While there was a tendency for decreased DGAT1 pro-

tein levels in the liver of lambs in the early stage of growth due to PG

supplementation, an increasing trend was observed in the PG3 with

the prolongation of the feeding period. This finding was considered to

be related to the physiological regulation during the feeding and

growth processes.

ChREBP, a glucose-sensitive transcription factor, is of vital impor-

tance for lipid metabolism and glucose homeostasis (Herman

et al., 2012). Limited studies have focused on this transcription factor

in sheep, mainly on muscle and adipose tissues (Hoffman et al., 2014;

Yan et al., 2023). While ChREBP mRNA and protein levels were found

to be similar between the groups on the 60th day, there was a signifi-

cant increase in protein levels in the PG3 group at the 90th day. At

the 120th day, there was an increase in ChREBP mRNA levels in the

PG3, but it was not statistically significant at the protein level.

The activity of ChREBP may increase in the liver depending on the

prolongation of the feeding period, continued growth, and the dosage

of PG used. It was concluded that PG could increase anabolic activity

in the liver through ChREBP and affect carbohydrate metabolism-

related elements regulated by ChREBP.

SREBP-1c regulates the necessary genes for lipid metabolism, adi-

pocyte differentiation, and regulation of fatty acid synthesis, playing an

important role in the control of anabolic events in the liver (Özkan &

Yakan, 2019; Urrutia et al., 2016). Similar to ChREBP, this transcription

factor may have shown different activities in the liver depending on the

growth stage. In a study conducted with cattle where different diet

applications were offered, it was reported that the SREBP-1c gene was

not affected by ration changes (Hiller et al., 2012). Gallardo et al. (2015)

reported that there was no change in the mRNA activity of SREBP-1c in

different tissues of Chilota lambs under different grazing conditions. In

another study, in which genes in the lipogenesis pathway were

investigated in different cattle breeds, it was reported that SREBP-1c

was downregulated in some breeds depending on ration ingredients

(Zhou et al., 2022). The activity of SREBP-1c, which increases with PG

consumption in the early stage of feeding, was similar to the Con in the

liver as growth continued.

While the relations between biochemical parameters were as

expected, notable correlations were determined between proteins

and biochemical parameters. SREBP-1c and PPARγ are both transcrip-

tion factors that play crucial roles in lipid metabolism (Özkan

et al., 2022; Özkan & Yakan, 2019). In mammals, upregulation of

SREBP-1c leads to increased expression of genes involved in lipogen-

esis, such as PPARγ. According to the correlation results of this study,

it was determined that there were weak but significant positive rela-

tionships between these transcription factors in growing lambs, similar

to the relationship in other mammals. In addition, a significant correla-

tion was found between DGAT1 and ChREBP. ChREBP can bind to

the promoter region of DGAT1 and lead to the synthesis of triglycer-

ides in the liver (Benhamed et al., 2012). Although there are physio-

logically significant differences between ruminants and other

mammals, it has been found that physiological activity in the liver is

similar in determining the relationships between the main regulators

of metabolism in this study.

In conclusion, based on the results of glucose and insulin parame-

ters, as well as other parameters such as ALT and AST, it has been

determined that long-term use of PG in lamb rations does not have

adverse effects on the liver and metabolism. It was shown that PG

affects metabolism at the molecular level in the liver in a dose-

dependent manner (3 mL/kg live weight0.75). As far as we know, this

is the first study to investigate the metabolic effects of long-term PG

use in lambs at the mRNA and protein levels in the liver.
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T AB L E 2 Correlations between studied parameters.

DGAT1 PPARγ SREBP-1c ChREBP ALT AST Glucose LDH Triglycerides BUN

DGAT1 1 �0.055 �0.213 0.390** �0.044 �0.011 0.142 0.082 �0.178 0.139

PPARγ 1 0.260* 0.047 �0.107 �0.031 0.089 0.145 �0.105 0.078

SREBP-1c 1 0.046 0.150 0.048 0.047 0.002 �0.047 0.045

ChREBP 1 0.216 0.202 0.095 0.158 �0.282* 0.058

ALT 1 0.732*** �0.121 0.514*** �0.029 0.260*

AST 1 0.067 0.624*** 0.027 0.297*

Glucose 1 �0.147 0.14 �0.085

LDH 1 �0.187 0.378**

Triglycerides 1 �0.263*

BUN 1

Abbreviations: ALT, alanine transaminase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; LDH, lactate dehydrogenase.

*p < 0.05.

**p < 0.01.

***p < 0.001.
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