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Highlights

¢ Key Findings on Ketosis-Induced ER Stress: High concentrations of free fatty acid (FFA) in ketotic dairy cows activate
endoplasmic reticulum (ER) stress pathways, contributing to mammary epithelial cell apoptosis and reduced milk yield.

¢ Clinical Relevance for Dairy Health: Findings highlight ER stress as a therapeutic target for mitigating metabolic stress-
induced apoptosis in the mammary gland, offering potential strategies to improve dairy cows productivity.

¢ Future Implications: The study sets the stage for in vivo trials to validate ER stress inhibitors like Tauroursodeoxycholate
(TUDCA) as practical solutions for managing ketosis and enhancing dairy cows health.

Abstract

The mammary glands of dairy cows with ketosis face unique challenges, including the supraphysiological circulating
concentrations of free fatty acids (FFA) and apoptosis of epithelial cells. The fact that endoplasmic reticulum (ER) stress
and apoptosis are closely related processes (at least in nonruminants) suggests that mechanisms of metabolic stress-
induced apoptosis in bovine mammary epithelial cells may involve the ER stress pathway. The objective of this study
was to investigate (1) the status of the ER stress pathway in mammary gland of dairy cows with ketosis, and (2) the role
of ER stress in the apoptosis of bovine mammary epithelial cells challenged with high concentrations of FFA. Ketosis or
exogenous FFA activated the ER stress pathway in the mammary gland of dairy cows or MAC-T cells. Pretreatment with the
ER stress activator Tunicamycin (Tun) aggravated ER stress and apoptosis in MAC-T cells induced by FFA. However, ER
stress inhibitor Tauroursodeoxycholate (TUDCA) attenuated ER stress induced by FFA and also attenuated the apoptosis in
MAC-T cells. In conclusion, the data confirmed that FFA induced apoptosis of bovine mammary epithelial cells in dairy cows
with ketosis via ER stress signaling. Thus, timely resolution of ER stress may help counteract the negative effects of ketosis

on the mammary gland.
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1. Introduction

Ketosis is one of the most common metabolic disorders in
dairy cows during the peripartum period (Gu et al. 2021). The
high incidence of ketosis in dairy cows has been ascribed
to a state of negative energy balance induced by metabolic

stress, which is characterized by high and sustained free
fatty acid (FFA) concentrations in the circulation (Ruprechter
et al. 2011). High plasma FFA are primarily used by the
liver with a resultant increase of ketone body production and
export into the blood (Miles et al. 2022). Supraphysiological
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concentrations of ketone bodies and the subsequent ketosis
causes huge economic losses in dairy industry.

The major economic losses caused by ketosis are mainly
attributable to reduced milk yield (Bauer and Jagusiak
2022). Excessive apoptosis leads to a decline in the
number of functional cells in the mammary gland of dairy
cows (Wang and Song 2018). Our previous study with
ketotic dairy cows revealed an activation of apoptosis in
mammary epithelial cells and a subsequent decrease in milk
yield (Sun et al. 2021; Chang et al. 2023). The underlying
signaling mechanisms of metabolic stress-activated apoptotic
processes in bovine mammary epithelial cells have not been
fully elucidated.

In eukaryotic cells, the endoplasmic reticulum (ER) is
essential for processing, modifying, and assembling proteins,
all of which are strictly regulated and affect the fate and
function of the cell (Zhao et al. 2013; Li et al. 2019; Mo et al.
2023). The imbalance between unfolded proteins that enter
the ER and the ability of ER to fold and export proteins
results in ER stress, which leads to physiological dysfunction
in cells (Waldherr et al. 2019; Xu et al. 2021). Persistent ER
stress is also closely related to apoptosis (Papandreou et al.
2015; Lu et al. 2022). At least in nonruminants, ER stress
was activated by metabolic stress and the persistent ER
stress subsequently resulted in hepatic cell apoptosis (Nasiri-
Ansari et al. 2021; Moslehi et al. 2023). It is noteworthy
that ER stress and increased cell apoptosis characterize the
mammary gland and liver in dairy cows undergoing metabolic
disorders (Zhu et al. 2019; Chang et al. 2023). Thus, in light
of the close relationship, ER stress might play a main role
in metabolic stress-induced apoptosis of bovine mammary
epithelial cells.

Although there are some studies highlighting that apoptosis
can be induced by persistent ER stress in nonruminants,
it is unclear whether apoptosis in mammary gland of dairy
cows with ketosis is associated with ER stress. The primary
objective of this study was to assess ER stress status in
the mammary gland of dairy cows with ketosis and the role
of ER stress in FFA-induced apoptosis of bovine mammary
epithelial cells were investigated.

2. Materials and methods

2.1. Animals, diets and sampling

Lactating cows with same parity (median=3, range=2-4)
and similar days in milk (median=6, range=3-10) from a
commercial 2,000-head dairy farm located in Daging City
(Heilongjiang Province, China) were housed individually in
a room with solid wooden floor pens. The dairy cows used
in this study were Holstein dairy cows with body weights
ranging from 600 to 650 kg. During the experiment, the
cows were housed in a temperature-controlled room, with
the temperature maintained at 20°C-22°C and humidity
at 50-60%. Dairy cows were fed twice a day at 8:00 am
and 16:00 pm with the same total mixed ration (TMR) and
had free access to water. The nutritional composition
and formulae of feed are shown in Table 1. This TMR
diet was formulated to meet the nutritional requirements
for lactating Holstein cows, as recommended by the

Table 1 Ingredient and nutrient composition of the diets
(Exp. 1)

Ingredient (% of dry matter)

Corn silage 40.00
Corn 35.00
Wheat bran 8.00
Sunflower 8.00
Soybean meal 5.00
Premix" 0.60
Limestone (CaCO,) 0.90
Dicalcium phosphate (CaHPO,) 0.30
NaHCO, 1.20
NaCl 1.00
Total 100.00
Nutrient composition (% of dry matter)

Non-fiber carbohydrate 40.40
Neutral detergent fiber 33.45
Acid detergent fiber 17.20
Crude protein 15.20
NEL (MJ kg)? 6.70
Ca 0.70
P 0.50

" Provided per kilogram of TMR: vitamin E (as dl-alpha-tocopherol
acetate) 18 IU, vitamin D (as cholecalciferol) 1,260 IU, vitamin A
(as retinyl acetate) 3,600 1U, Co (as cobalt sulfate) 0.126 mg, | (as
potassium iodide) 0.108 mg, Mn (as manganese sulfate) 23.4 mg,
Cu (as cobalt carbonate) 10.8 mg, Fe (as iron sulfate) 36 mg, Zn (as
zinc sulfate) 43.2 mg, Se (as sodium selenite) 0.23 mg.

% NEL was a calculated value and others were measured values.

National Research Council (NRC 2021). The ration
provides sufficient energy, protein, and minerals to support
milk production, maintain body condition, and ensure
reproductive health (Van Soest et al. 1991; Saun 2022). The
calculated net energy for lactation (NEL) of 6.70 MJ kg™
is appropriate for cows with moderate milk production levels.
Dairy cows with other clinical illnesses were screened out
by 2 experienced veterinarians. Ketosis was preliminarily
identified using a portable meter (TNN-2, Yicheng
Bioelectronics Technology Co., Ltd., China) to measure
the blood B-hydroxybutyric acid (BHB) concentrations. If
dairy cows had a positive nitroprusside test and reduced
milk yield, feed intake, or both that was accompanied
by BHB concentrations greater than 3 mmol L™,
veterinarians classified them as suspected clinically ketotic.
If dairy cows had no visible clinical symptoms accompanied
by BHB concentrations lower than 0.6 mmol L™, veterinarians
classified them as healthy. This approach led to 65 dairy
cows identified by the ketone powder method combined
with BHB quantitative determination as being positive or
negative for hyperketonemia: 22 as suspected ketotic or 43
as healthy. Blood was collected for 3 consecutive days from
the tail vein before the morning feeding, and centrifuged at
3,500x%g for 15 min at 4°C to obtain serum. The serum levels
of glucose, BHB and FFA were measured in a Hitachi 7,170
autoanalyzer (Hitachi, Tokyo, Japan) with glucose (GL3815,
Randox Laboratories), BHB (RB1008 Randox Laboratories,
Crumlin, UK) and FFA (FA115, Randox Laboratories) Assay
Kits. In Exp. 1, based on the serum biochemical indices
(Li et al. 2022), the final sample included 20 dairy cows:
10 healthy (CON) cows (BHB concentration<0.6 mmol L™,
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FFA concentration<0.4 mmol L™", and glucose>3.5 mmol L™
without clinical symptoms) and 10 clinically ketotic
(CK) cows (BHB concentration>3 mmol L™", FFA
concentration>0.5 mmol L™, and glucose<3.5 mmol L™).
The CK cows had a decreased feed intake, rapid loss of
body weight, excessively dry feces, and decreased milk
yield. An automatic milking system was used to record milk
yield. The DMI was calculated by multiplying the DM content
of the TMR with daily feed intake (the difference between the
offered and actual feed intake). Each cow was assessed by
three skilled veterinarians using a body condition score (BCS)
that ranged from 1 to 5 in increments of 0.25 (Montevecchio
et al. 2023). Table 2 displays the physiological data of the
dairy cows that were utilized. The mammary gland tissue
biopsy was performed as reported in our previous study (Sun
et al. 2021). Briefly, after administration of local anesthesia,
a mammary biopsy was collected from the left rear quarter
in each dairy cow (10 in CON or CK) and stored in liquid
nitrogen for subsequent experiments.

2.2. Cell culture and treatment

Bovine mammary epithelial cells (MAC-T) were purchased
from Shanghai Shunran Biology. MAC-T cells were cultured
in growth medium (DMEM/F12 (Grand Island, New York,
USA)+growth-promoting hormone (1 mg L™ progesterone
(5341, Sigma-Aldrich, St. Louis, MO), 0.05% a lactose (HY-
N2514, MedChem Express, Monmouth Junction, NJ), and
0.05% lactalbumin (L5385, Sigma-Aldrich)+10% fetal bovine
serum (FB15015, Clark Bioscience, USA)+1% antibiotic—
antimycotic mix (HyClone, South Logan, UT, USA)+10 pg L™
insulin (Sigma-Aldrich)) in 5% CO, incubator at 37°C
according to the previous study (Chang et al. 2022). The
cells were passaged at approximately 80% confluence
as needed, and the growth medium was changed daily.
Approximately 24 h before applying treatments, the cells
were cultured in a lactogenic medium (DMEM/F-12+2.5 mg L™
prolactin (100-07, Peprotech, Rocky Hill, NJ)+1 g L™' BSA
(4240GR500, BioFROXX, Beijing, China)).

In Exp. 2, different FFA concentrations were used to
simulate hyperlipidemia in ketotic cows. A 52.7 mmol L™ FFA
mixture was prepared as previously described (Sun et al. 2019).
Briefly, 22.9 mmol L™ oleic acid (01383, Sigma-Aldrich),
7.6 mmol L™ stearic acid (S4751, Sigma-Aldrich), 2.6 mmol L™
linoleic acid (L1012, Sigma-Aldrich), 16.8 mmol L™
palmitic acid (P5585, Sigma-Aldrich), and 2.8 mmol L™
palmitoleic acid (P9417, Sigma-Aldrich) were dissolved at

Table 2 Basic description of Holstein cows classified as
healthy (CON) or having clinical ketosis (CK) (Exp. 1, n=10)

ltem Median (IQR)"
CON CK

DMI (kg d-") 20.48 (3.43) 18.45 (4.38)
BCS 2.88 (0.75) 3.63 (0.56)
Milk yield (kg) 43.66 (4.45) 36.87 (5.27)
Serum BHB (mmol L") 0.90 (0.53) 3.55 (0.42)
Serum FFA (mmol L") 0.29 (0.08) 1.01 (0.22)
Serum glucose (mmol L") 4.00 (0.85) (0.20)

"IQR, interquartile range.
, P<0.05 within a row denote differences.

60°C in 0.1 mol L' KOH and hydrochloric acid used to adjust
pH to 7.4. The FFA were heated in a 60°C water bath until
fully clear, then rapidly introduced into RPMI-1640 medium
containing 2% BSA, followed by incubation at 37°C for 30 min
to enable the formation of BSA-FFA complexes. There were
4 experimental treatments: 0 mmol L™ FFA, 2% BSA was
used to treat cells for 24 h; 0.6 mmol L™ FFA, 0.6 mmol L™
FFA was used to treat cells for 24 h; 1.2 mmol L™ FFA,
1.2 mmol L™' FFA was used to treat cells for 24 h; 2.4 mmol L™
FFA, 2.4 mmol L™ FFA was used to treat cells for 24 h. After
the treatment period, the MAC-T cells were collected and
prepared for subsequent analysis. The cells were harvested,
washed with PBS, and then either lysed for protein extraction
or fixed for immunofluorescence staining, depending on
the specific analysis required. Each treatment group was
performed in triplicate to ensure the reliability of the results.

In Exp. 3, to explore the role of ERs activation in FFA-
induced apoptosis, 2 mg of Tunicamycin (Tun; HY-A0098,
MedChem Express, Monmouth Junction, NJ) was dissolved
with dimethyl sulfoxide (DMSO; (1.0 mL) D8371, Solarbio,
Beijing, China) to generate the stock solution (2 mg mL™).
There were 4 experimental treatments: BSA+DMSO, DMSO
was used to treat cells for 12 h prior to addition of 2% BSA for
an additional 24 h; 1.2 mmol L' FFA+DMSO, DMSO was used
to treat cells for 12 h prior to challenge with 1.2 mmol L™ FFA
for 24 h; BSA+2 pug mL™" Tun, 2 pg mL™" Tun was used to treat
cells for 12 h prior to addition of 2% BSA for an additional 24 h;
FFA+2 pug mL™" Tun, 2 ug mL™ Tun was used to treat cells for
12 h prior to challenge with 1.2 mmol L™ FFA for an additional
24 h. Following treatment, the cells were harvested for various
analyses, including immunofluorescence staining to detect
ER stress markers and flow cytometry to assess the rate of
apoptosis. Each treatment group was performed in triplicate to
ensure the reliability of the results. A 2x2 factorial design was
used, with Factor A representing the presence or absence of
Tun, and Factor B indicating the presence or absence of FFA.

In Exp. 4, to explore the role of ERs inhibition in FFA-
induced apoptosis, 500 mg Tauroursodeoxycholate (TUDCA;
HY-19696, MedChem Express) was dissolved with DMSO
(1.0 mL) to generate the 100 mmol L™ stock solution. There
were 4 experimental treatments: BSA+DMSO, DMSO was
used to treat cells for 12 h prior to addition of 2% BSA for an
additional 24 h; 1.2 mmol L' FFA+DMSO, DMSO was used
to treat cells for 12 h prior to challenge with 1.2 mmol L™' FFA
for 24 h; BSA+200 umol L™ TUDCA, 200 umol L' TUDCA
was used to treat cells for 12 h prior to addition of 2% BSA for
an additional 24 h; FFA+200 umol L™ TUDCA, 200 umol L™
TUDCA was used to treat cells for 12 h prior to challenge
with 1.2 mmol L™ FFA for an additional 24 h. Post-treatment,
cells were collected for protein extraction and Western blot
analysis to quantify the expression of proteins involved in
apoptosis and ER stress pathways. Each treatment group
was performed in triplicate to ensure the reliability of the
results. A 2x2 factorial design was utilized, with Factor A
represented the presence or absence of TUDCA, and Factor
B indicated the presence or absence of FFA.

2.3. Immunofluorescence staining (Exps. 3 and 4)
The MAC-T cells were grown on laser confocal petri dishes
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for 24 h and then fixed for 30 min using 4% paraformaldehyde
followed by washed 3 times with PBS. The samples were
blocked with protease K (U8805, TIANGEN, Beijing, China)
working solution for 30—40 s. To remove excess protease
K, cells were then washed 3 times with PBS. Triton X-100
(0.3%, P0096, Beyotime Biotechnology, Shanghai, China)
was used to increase the permeability of cells. Subsequently,
the cells were incubated with the cytokeratin 18 primary
antibody (1:100; ab133263, Abcam, Cambridge, MA) in
goat serum (AR0009, BOSTER Biological Technology
Co., Ltd., Wuhan, China) at 4°C overnight. The FITC-
conjugated goat antirabbit immunoglobulin G second
antibody (BA1105, BOSTER Biological Technology Co.,
Ltd.) was added at room temperature for 30 min. The cells
were then incubated with DAPI (D9542, Sigma-Aldrich) for
staining of nuclei after washing with PBS. Excess DAPI
was eliminated with 3 washes of PBS. The fluorescence
of samples was imaged using confocal microscopy and
quantified by Image J software. The fluorescence density of
caspase 3 was quantified by mean density (mean staining
intensity=integrated optical density sum/area sum).

2.4. Flow cytometry assay (Exps. 3 and 4)

Annexin V-FITC Apoptosis Detection Kit (C1062L, Beyotime
Biotechnology) were used to identify apoptosis. After
processed as mentioned above, cells were harvested with
EDTA-free trypsin and terminated with the original medium.
The cell suspension was centrifuged to discard culture
medium and simultaneously stained with 10 yL PI (red
fluorescence) and 5 uL Annexin V-FITC (green fluorescence)
at room temperature protected from light for 12 min. Flow
cytometry was then used to detect apoptotic cells.

2.5. Protein extraction and Western blotting (Exps. 1,
2,3 and 4)

To prepare protein samples for Western blotting, total protein
from mammary gland tissue of dairy cows and MAC-T cells
were extracted using PMSF (P0100, Solarbio)-containing
RIPA (R0020, Solarbio) buffer. The concentrations of protein
were determined using a BCA protein concentration assay
kit (P0O009, Beyotime Biotechnology). Equal amounts of
lysate protein were electrophoresed in SD-PAGE to separate
protein bands. The protein was transferred to polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Billerica,
MA, USA) using transblot equipment. After blocking with 5%
non-fat milk (232100, BD, Franklin Lakes, NJ), the PVDF
membranes were incubated with primary antibodies raised
against the protein of interest. The primary antibodies
were as follows: glucose regulated protein 78 (GRP78;
1:1,000; 11,587, Proteintech Group, Inc., Beijing; China),
activated transcription factor 6 (ATF6; 1:1,000; ab122891,
Abcam), p-inositol requiring enzyme (p-IRE1; 1:1,000;
PA116927, Invitrogen, Carlsbad, CA, USA), IRE1 (1:1,000;
3294T, Cell Signaling Technology, Danvers, MA), p-protein
kinase RNA-like endoplasmic reticulum kinase (p-PERK;
1:1,000; ab192591, Abcam), PERK (1:1,000; 3192S, Cell
Signaling Technology), C/EBP homologous protein (CHOP;
1:1,000; 15204-1, Proteintech Group, Inc.), caspase 9

(1:1,000, 10380-1-AP, Proteintech Group, Inc.), caspase
3 (1:1,000; A2156, ABclonal Technology, Wuhan, China),
B-cell lymphoma 2 (Bcl2; 1:1,000; 12789, Proteintech Group,
Inc.), BCL-2-associated X protein (Bax; 1:1,000; 50599,
Proteintech Group, Inc.), B-actin (1:1,000; M20011S, Abmart,
Shanghai, China). Excess primary antibody was removed
by washed with 1x TBST, and the PVDF membranes then
incubated with goat anti-mouse (1:5,000; BA1050, BOSTER
Biological Technology Co., Ltd.) or rabbit (1:5,000; BA1054,
BOSTER Biological Technology Co., Ltd.) secondary antibody
for 45 min in room temperature. The PVDF membranes
were developed with an Enhanced Chemiluminescence
Solution Detection Kit (ECL, Merck Millipore) reagent and
photographed with a gel-imaging system (Protein Simple,
Santa Clara, CA, USA) after washing with TBST. The protein
bands were analyzed using Image Lab software (Bio-Rad
Laboratories, Inc.).

2.6. Statistical analyses

At least 3 independent experiments were conducted with all
data, and SPSS 23.0 software (IBM Corp., Armonk, NY) was
used for analysis. The Shapiro-Wilk test was used to verify
that the data was normal. Whereas normally distributed
data are expressed as meanststandard error (SE), non-
normally distributed data are reported as median (interquartile
range). For Exp. 1, the Mann-Whitney U test was used
to analyze differences in nonparametric variables with a
skewed distribution. For normally distributed data, unpaired
Student’s t-test used when comparing 2 groups. Dairy cow
was the experimental unit. For Exp. 2, the one-way ANOVA
was used to analyze the effect of FFA. Linear and quadratic
contrasts were used to evaluate dose-dependent effects. As
for Exps. 3 and 4, two-way ANOVA was employed to assess
the main effects of each factor and their interaction on the
dependent variables. When there was a significant effect,
one-way ANOVA method was used to test the differences
among means. For Exps. 2—4, the cell was considered the
experimental unit. Differences with P<0.05 were considered
to indicate statistical significance.

3. Results

3.1. Baseline characteristics of the ketotic cows (Exp. 1)

Compared with CON, the DMI (P=0.023) was lower and the
BCS (P=0.009) was greater in dairy cows with CK (Table 2).
Compared with CON, dairy cows in the CK group had lower
milk yield (P<0.0001, Table 2). The serum concentrations
of BHB (P<0.0001) and FFA (P<0.0001) were greater, while
serum concentration of glucose (P<0.0001) was lower in the
CK group (Table 2).

3.2. ER stress status in the mammary glands of ketotic
cows (Exp. 1)

Compared with CON, the protein abundances of GRP78
(P<0.0001, Fig. 1-A and B) and ATF6 (P<0.0001, Fig. 1-A
and C) were greater in the mammary glands of dairy cows in
the CK group. In addition, compared with CON, the ratios of
p-IRE1/IRE1 (P<0.0001, Fig. 1-A and D) and p-PERK/PERK
(P<0.0001, Fig. 1-A and E) and the protein abundance of
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Fig. 1 Endoplasmic reticulum (ER) stress status in the mammary glands of ketotic cows (Exp. 1). A, Western blotimage of GRP78,
ATF6, p-IRE1, IRE1, p-PERK, PERK, CHOP, and B-actin. B, C and F, relative protein abundance of GRP78 (B), ATF6 (C) and CHOP
(F). D and E, ratio of p-IRE1/IRE1 (D) and p-PERK/PERK (E). CK, clinical ketosis; CON, healthy cows. Data are mean+SEM (n=10).

CHOP (P<0.0001, Fig. 1-A and F) were greater in mammary
gland of CK dairy cows.

3.3. FFA induced ER stress in MAC-T cells (Exp. 2)

The validity of MAC-T cells as a model was first verified
using cytokeratin 18 staining before subsequent experiments
(Fig. 2-A). As demonstrated in Fig. 2-B and C, the protein
abundance of GRP78 in 1.2 mmol L™ (P=0.013) and 2.4 mmol L™
(P<0.0001) FFA-treated MAC-T cells were greater
than that in 0 mmol L' FFA-treated cells (linear).
Treatment with 0.6 (P=0.014), 1.2 (P=0.0049), or
2.4 mmol L™ (P<0.0001) FFA increased the abundance
of ATF6 protein in MAC-T cells (linear and quadratic,
Fig. 2-B and D). Compared with 0 mmol L™,
the ratio of p-IRE1/IRE1 was greater in the 1.2 mmol L™
treatment group (quadratic, P=0.0002, Fig. 2-B and E), while
the ratio of p-PERK/PERK was greater in the 0.6 (P=0.038),
1.2 (P<0.0001), and 2.4 mmol L™ (P<0.0001) treatment
groups (linear, Fig. 2-B and F). Furthermore, the CHOP
protein abundance was greater after treatment with 1.2 or
2.4 mmol L™ FFA (linear and quadratic, P<0.0001, Fig. 2-B
and G).

3.4. Tunicamycin aggravated FFA-induced ER stress
in MAC-T cells (Exp. 3)

The statistical analysis revealed that both FFA and Tun
had significant main effects on the protein abundance
of GRP78 (P<0.0001, Fig. 3-A and B). Additionally,
significant main effects of FFA and Tun were observed

on the protein abundance of ATF6 and the ratio
of p-IRE1/IRE1 (P<0.0001, Fig. 3-A, C and D).
Notably, the interaction effect between FFA and Tun
was also significant (P<0.0001, Fig. 3-A, C and D).
Compared with those in the DMSO group, the protein
abundances of ATF6 (P=0.0002, Fig. 3-A and C) and the ratio
of p-IRE1/IRE1 (P=0.014, Fig. 3-A and D) were greater in the
Tun group. In addition, pretreatment with Tun aggravated
the upregulation of ATF6 (P<0.0001, Fig. 3-A and C) protein
abundance and the ratio of p-IRE1/IRE1 (P<0.0001, Fig. 3-A
and D) that was induced by FFA. Furthermore, a significant
main effect of FFA was found on the ratio of p-PERK/PERK
and the protein abundance of CHOP (P<0.0001), while Tun
also demonstrated a significant effect (P<0.0001, Fig. 3-A, E
and F).

3.5. Activation of ER stress aggravated FFA-induced
apoptosis in MAC-T cells (Exp. 3)

The results showed that FFA had a significant main effect
on cleaved-caspase 9 and cleaved-caspase 3 protein
abundance, and the ratio of Bax/Bcl2 (P<0.0001), while Tun
also demonstrated a significant effect (P<0.0001, Fig. 4-A-D).
Importantly, there was a significant interaction between
FFA and Tun (P<0.0001), indicating that the effect of FFA
on cleaved-caspase 9 and cleaved-caspase 3 protein
abundance, and the ratio of Bax/Bcl2 depended on the level
of Tun. Specifically, compared with DMSO, the cleaved-
caspase 9 protein abundance (P<0.0001, Fig. 4-A and B)
and the ratio of Bax/Bcl2 (P=0.0005, Fig. 4-A and D) were



Renxu Chang et al. / Journal of Integrative Agriculture 2026, 25(5): 20142027

2019

A B

Cytokeratin 18 DAPI Merge

D 109EFEA P<0.0001 a E 4—FFA P=0.0002
: Linear P=0.007

Linear P<0.0001 Quadratic P<0.0001
(Quadratic P<0.0001

Relative ATF6
protein abundance
Ratio of p-IRE1/IRE1

0_
FFA 0 0.6 1.2 2.4
(mmol L)

FFA 0 0.6 1.2 2.4
(mmol L)

FFA(mmolL") 0 06 12 24
GRP78 ——*

p-IRE1 [ e . —

P-PERK | s s S ss—

PERK | s s s—

CHOP <= !

B-Actin | m— - ————

“JFFA P<0.0001
Linear P<0.0001 a
Quadratic P=0.005

IS

ATFG | — v w— G

IRET | s s s s

Relative GRP78

-n

5-FFA P<0.0001 G 200+

Linear P<0.0001

. a
Quadratic P=0.002

a

FFA 0 0.6 1.2 2.4
(mmol L")

FFA P<0.0001
150-Linear P<0.0001
100~ Quadratic P<0.0001 p

50 ==

Relative CHOP
protein abundance
EN
1

Ratio of p-PERK/PERK

Fig. 2 Free fatty acids (FFA) induced endoplasmic reticulum (ER) stress in immortalized bovine mammary epithelial cells (MAC-T)
(Exp. 2). MAC-T cells were treated with 0, 0.6, 1.2, and 2.4 mmol L= FFA for 24 h. A, representative cytokeratin 18 immunofluorescence
staining images of MAC-T cells. B, Western blot image of GRP78, ATF6, p-IRE1, IRE1, p-PERK, PERK, CHOP, and B-actin. C, D and
G, relative protein abundance of GRP78 (C), ATF6 (D) and CHOP (G). E and F, ratio of p-IRE1/IRE1 (E) and p-PERK/PERK (F). Data
are mean+SE (n=3). Different letters indicate a significant difference (P<0.05).

greater in MAC-T cells pretreated with Tun. Compared with
DMSO+FFA, the protein abundance of cleaved-caspase 9
(P<0.0001, Fig. 4-A and B), cleaved-caspase 3 (P<0.0001,
Fig. 4-A and C) and the ratio of Bax/Bcl2 (P<0.0001,
Fig. 4-A and D) were greater in Tun+FFA. Consistent with
alterations at the protein level, the two-way ANOVA similarly
identified significant main effects of both FFA and Tun on the
fluorescence density of caspase 3 (P<0.0001, Fig. 4-E and F).
Furthermore, FFA has significant main effect on apoptosis
(P<0.0001), with Tun similarly showing a significant effect
(P=0.015, Fig. 4-G and H).

3.6. Tauroursodeoxycholate attenuated FFA-induced
ER stress in MAC-T cells (Exp. 4)

The results revealed a significant main effect of FFA on
the protein abundance of GRP78 (P<0.0001), with TUDCA
also showing a notable main effect (P=0.001, Fig. 5-A and
B). Furthermore, significant main effects of both FFA and
TUDCA were observed on the protein abundance of ATF6
and the ratio of p-IRE1/IRE1 (P<0.0001, Fig. 5-A, C and D).
Notably, the interaction effect between FFA and TUDCA was
also significant (P<0.0001, Fig. 5-A, C and D). Compared
with DMSO, protein abundances of ATF6 (P<0.0001,
Fig. 5-A and C) and the ratio of p-IRE1/IRE1 (P<0.0001,
Fig. 5-A and D) were greater in response to 1.2 mmol L™
FFA treatment. However, pretreatment with TUDCA, an
inhibitor of ER stress, decreased protein abundance of ATF6
(P<0.0001) along with attenuating the upregulation of ATF6
protein abundance (P<0.0001) and p-IRE1/IRE1 (P<0.0001)
induced by FFA (Fig. 5-A, C and D). In addition, the ratio of
p-PERK/PERK showed a significant main effect due to FFA

(P<0.0001), and TUDCA also demonstrated a significant
effect (P<0.0001, Fig. 5-A and E). Both FFA and TUDCA had
significant main effects on the protein abundance of CHOP
(P<0.0001, Fig. 5-A and F), with the interaction between
them was significant (P<0.0001, Fig. 5-A and F). Compared
with DMSO, protein abundances of CHOP (P<0.0001,
Fig. 5-A and F) were greater in response to 1.2 mmol L™ FFA
treatment. However, pretreatment with TUDCA attenuated
the upregulation of CHOP protein abundance induced by FFA
(P<0.0001, Fig. 5-A and F).

3.7. Inhibition of ER stress attenuated apoptosis in
MAC-T cells induced by FFA (Exp. 4)

The analysis revealed a significant main effect of FFA on
cleaved-caspase 9 (P<0.0001), with TUDCA also showing
a significant main effect (P=0.01), and a notable interaction
between FFA and TUDCA was identified (P<0.0001, Fig. 6-A
and B). The cleaved-caspase 9 (P<0.0001) was greater after
FFA treatment compared with DMSO (Fig. 6-A and B). In
contrast, inhibition of ER stress by TUDCA attenuated the
upregulation of the cleaved-caspase 9 (P=0.0005) induced
by FFA (Fig. 6-A and B). Furthermore, both of FFA and
TUDCA had a significant main effect on cleaved-caspase 3
protein abundance and the Bax/Bcl2 ratio (P<0.0001), with
the interaction between FFA and TUDCA was also significant
(P<0.0001, Fig. 6-A, C and D). Compared with DMSO,
protein abundances of cleaved-caspase 3 (P<0.0001) and
the ratio of Bax/Bcl2 (P<0.0001) were greater after FFA
treatment (Fig. 6-A, C and D). In contrast, inhibition of ER
stress by TUDCA attenuated the upregulation of the cleaved-
caspase 3 (P<0.0001) protein abundance and the ratio of
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Fig. 3 Tunicamycin (Tun) aggravated free fatty acids (FFA)-induced endoplasmic reticulum (ER) stress in MAC-T cells (Exp. 3).
MAC-T cells were pretreated with dimethyl sulfoxide (DMSQ) or Tun for 12 h and treated with 0 or 1.2 mmo L' FFA in 2% BSA medium
for another 24 h. A, Western blot image of GRP78, ATF6, p-IRE1, IRE1, p-PERK, PERK, CHOP, and B-actin. B, C and F, relative protein
abundance of GRP78 (B) ATF6 (C) and CHOP (F). D and E, ratio of p-IRE1/IRE1 (D) and p-PERK/PERK (E). Data are meantSE (n=3).
Different letters in single bars indicate a significant difference (P<0.05) determined by their interaction. Different uppercase letters in
paired bars indicate significant differences (P<0.05) between Tun-treated and non-treated groups, as determined by the main effect of
Tun. Different lowercase letters in paired bars indicate significant differences (P<0.05) between FFA-treated and non-treated groups, as

determined by the main effect of FFA.

Bax/Bcl2 (P<0.0001) induced by FFA (Fig. 6-A, C and D).
Similarly, FFA significantly impacted the relative fluorescence
density of caspase 3 (P<0.0001) and the apoptosis of MAC-T
cells (P<0.0001). TUDCA similarly had a significant main
effect on both the relative fluorescence density of caspase
3 (P<0.0001) and the apoptosis of MAC-T cells (P=0.006,
Fig. 6-E—H). The interaction effect between FFA and TUDCA
was also significant for both the relative fluorescence density
of caspase 3 (P<0.0001) and the apoptosis of MAC-T cells
(P=0.025, Fig. 6-E—H). Compared with DMSO, the relative
fluorescence density of caspase 3 was greater in MAC-T
cells with FFA (P<0.0001), but it was attenuated by TUDCA
pretreatment (P<0.0001, Fig. 6-E and F). In addition, the
apoptosis of MAC-T cells was increased upon FFA treatment
(P<0.0001, Fig. 6-G and H), but it was attenuated by TUDCA
pretreatment (P=0.011, Fig. 6-G and H).

4. Discussion
The results of this study partially support the hypothesis

that FFA-induced ER stress contributes to apoptosis in the
mammary epithelial cells of ketotic cows. Treatment with
FFA led to increased activation of the ER stress pathway, as
evidenced by elevated levels of key ER stress markers and a
corresponding increase in cell apoptosis. The use of the ER
stress activator Tun further exacerbated this response, while
the inhibitor TUDCA effectively mitigated both ER stress and
apoptosis. This suggests that ER stress is a critical mediator
in FFA-induced apoptosis. These findings underscore the
importance of managing ER stress in mitigating ketosis-
related damage to mammary gland health and provide a
basis for developing targeted interventions in dairy cow
management. However, certain aspects of the hypothesis
were not fully supported. For instance, although FFA induced
ER stress, the expected synergistic interaction between FFA
and Tun was less evident in certain measured parameters
like GRP78 and p-PERK/PERK. This discrepancy could
stem from the complexity of the ER stress response, where
compensatory pathways such as autophagy or mitochondrial
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Fig. 4 Activation of endoplasmic reticulum (ER) stress aggravated free fatty acids (FFA)-induced apoptosis in MAC-T cells
(Exp. 3). MAC-T cells were pretreated with DMSO or Tun for 12 h and treated with 0 or 1.2 mmol L-' FFA in 2% BSA medium for another
24 h. A, Western blot image of caspase 9, caspase 3, BCL-2-associated X protein (Bax), B-cell ymphoma 2 (Bcl2), and B-actin. B and
C, relative protein abundance of cleaved-caspase 9 (B) and cleaved-caspase 3 (C). D, ratio of Bax/Bcl2. E, representative image of
immunofluorescence analysis of caspase 3. F, quantification of caspase 3 immunofluorescence. G, flow cytometric analysis of MAC-T
cell apoptosis. PE-A indicates Pl and FITC-A indicates Annexin V-FITC. Cells in Q1, Q2, Q3 and Q4 represent necrotic cells (negative
for Annexin V-FITC and positive for PI) (Q1), late apoptotic cells (positive for both Annexin V-FITC and PI) (Q2), early apoptotic cells
(positive for Annexin V-FITC and negative for PI) (Q3), and normal cells (negative for both Annexin V-FITC and PI) (Q4), respectively.
H, quantification of cell apoptosis. Data are mean+SE (n=3). Different letters in single bars indicate a significant difference (P<0.05)
determined by their interaction. Different uppercase letters in paired bars indicate significant differences (P<0.05) between Tun-treated
and non-treated groups, as determined by the main effect of Tun. Different lowercase letters in paired bars indicate significant differences
(P<0.05) between FFA-treated and non-treated groups, as determined by the main effect of FFA.
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Fig. 5 Tauroursodeoxycholate (TUDCA) attenuated free fatty acids (FFA)-induced endoplasmic reticulum (ER) stress in MAC-T
cells (Exp. 4). MAC-T cells were pretreated with DMSO or TUDCA for 12 h and treated with 0 or 1.2 mmol L' FFA in 2% BSA medium
for another 24 h. A, Western blot image of GRP78, ATF6, p-IRE1, IRE1, p-PERK, PERK, CHOP, and B-actin. B, C and F, relative protein
abundance of GRP78 (B), ATF6 (C) and CHOP (F). D and E, ratio of p-IRE1/IRE1 (D) and p-PERK/PERK (E). Data are meantSE (n=3).
Different letters in single bars indicate a significant difference (P<0.05) determined by their interaction. Different uppercase letters in
paired bars indicate significant differences (P<0.05) between TUDCA-treated and non-treated groups, as determined by the main effect of
TUDCA. Different lowercase letters in paired bars indicate significant differences (P<0.05) between FFA-treated and non-treated groups,

as determined by the main effect of FFA.

dysfunction may have influenced the outcomes. Additionally,
variations in cell responsiveness and FFA concentration
could have introduced variability, leading to less significant
interaction effects. Further investigation into these
compensatory mechanisms and their role in modulating FFA-
induced apoptosis is required to gain a more comprehensive
understanding of the complex cellular response to metabolic
stress.

Milk yield is the most important economic trait in dairy
cows, the decrease of which in ketotic cows contributes to
economic losses. Typically, the state of NEB due to the
inability of energy consumed to meet energy requirements
has been thought to be the main reason for lower milk yield
in dairy cows with ketosis (Yue et al. 2022). However, in the
strict sense, imbalances between apoptosis and proliferation
of mammary epithelial cells are the basis of decreased of milk
yield in cows undergoing metabolic disorders (Capuco et al.
2001; Sun et al. 2021). The excessive cellular apoptosis of

mammary epithelial cells and lower milk yield observed in
dairy cows with ketosis (Chang et al. 2023) served as impetus
for studying in greater detail the regulatory mechanisms
associated with metabolic stress-induced apoptosis in
mammary gland.

The ER is an essential cellular organelle that is involved
in protein homeostasis, and multiple factors such as
physiological or pathological stressors cause an imbalance
in ER homeostasis, resulting in ER stress. Excessive ER
stress causes cell apoptosis even though it serves as a
defense mechanism against external stress (Ceylan-Isik
et al. 2011; Ge and Kao 2019). The process of ER stress
is regulated by multiple molecular signaling pathways,
with GRP78, a chaperone protein localized in the ER,
being the main indicator of ER stress. Through a binding-
release mechanism, its activity produces stress via three
transmembrane ER stress sensors: PERK, ATF6, and IRE1
(Wang et al. 2015; Tawar et al. 2022). Upon ER stress,
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Fig. 6 Inhibition of endoplasmic reticulum (ER) stress attenuated apoptosis in MAC-T cells induced by free fatty acids (FFA)
(Exp. 4). MAC-T cells were pretreated with DMSO or TUDCA for 12 h and treated with 0 or 1.2 mmol L' FFA in 2% BSA medium for
another 24 h. A, Western blot image of caspase 9, caspase 3, Bax, Bcl2, and B-actin. B and C, relative protein abundance of cleaved-

caspase 9 (B) and cleaved-caspase 3 (C).

D, ratio of Bax/Bcl2. E, representative image of immunofluorescence analysis of caspase 3.

F, quantification of caspase 3 immunofluorescence. G, flow cytometric analysis of MAC-T cell apoptosis. PE-A indicates Pl and FITC-A
indicates Annexin V-FITC. Cells in Q1, Q2, Q3 and Q4 represent necrotic cells (negative for Annexin V-FITC and positive for PI) (Q1),
late apoptotic cells (positive for both Annexin V-FITC and PI) (Q2), early apoptotic cells (positive for Annexin V-FITC and negative for
PI1) (Q3), and normal cells (negative for both Annexin V-FITC and PI) (Q4), resepectively. H, quantification of cell apoptosis. Data are
meantSE (n=3). Different letters in single bars indicate a significant difference (P<0.05) determined by their interaction.
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GRP78 is dissociated from PERK, ATF6, and IRE1 resulting
in their activation and activation of the downstream signaling
cascade including CHOP, an ER stress-related marker protein
(Tan et al. 2022; Zhu et al. 2022). In the present study, the
greater protein abundance of GRP78, ATF6, and CHOP along
with the greater ratio of p-PERK/PERK and p-IRE1/IRE1
confirmed the existence of ER stress in mammary tissue of
dairy cows with ketosis. Increased circulating concentrations
of FFA in dairy cows with ketosis may be involved in this
process (Luo et al. 2022). Previous studies have proven that
FFA induce ER stress in hepatocytes of dairy cows (Huang
et al. 2021). The increases in GRP78, ATF6, and CHOP
protein abundance and the ratio of p-IRE1/IRE1 and p-PERK/
PERK in mammary epithelial cells treated with FFA confirmed
that the mammary glands of ketotic cows are direct target of
FFA and its noxious effects.

In addition to maintaining cell homeostasis, the ER is
also the center of de novo synthesis of various lipid species
(Blomme et al. 2022; Jing et al. 2022). There is growing
evidence that the unfolded protein response signaling
pathway is the mechanism via which ER stress influences
lipid metabolism (Basseri and Austin 2012; Ward et al. 2022).
Milk fat secretion begins in the ER (McManaman et al.
2007; Han et al. 2020), at least in non-ruminant animals,
ER stress is involved in the regulation of milk fat synthesis
(Bobrovnikova-Marjon et al. 2008; Walker et al. 2022). One
such possible mechanism is ER stress-induced insulin-
induced gene-1 (INSIG-1) depletion. As a membrane protein
residing in the ER, INSIG-1 is responsible for retention of
the sterol regulatory element binding protein (SREBP) in the
ER (Yang et al. 2002) thereby controlling milk fat synthesis
(Carcangiu et al. 2013). At least in mouse liver, metabolic
stress-induced ER stress contributes to SREBP-mediated
lipid synthesis, which is associated with depletion of INSIG-1
(Zhang et al. 2012). Remarkably, palmitic acid activates the
maturation of SREBP via reducing INSIG-1 in MAC-T cells,
response that might promote milk fat synthesis (Chen L et al.
2021). Thus, the induction of ER stress by FFA in mammary
epithelial cells may partly explain the greater milk fat content
in ketotic dairy cows (Sun et al. 2021).

At least in non-ruminants, prolonged ER stress triggers
apoptosis in various cell types (Haataja et al. 2008; Dalal
et al. 2012; Menzie-Suderam et al. 2020). The ER stress-
related apoptosis also has been reported in bovine
endometrial epithelial cells and trophoblast cells (Chen W
et al. 2021; Yuan et al. 2023). Because of the association
between ER stress and apoptosis, and the markers of
ER stress in this study corresponded with an increase in
apoptosis in our previous study (Chang et al. 2023), we
speculate that metabolic-induced ER stress might contribute
to apoptosis in the mammary gland of dairy cows with ketosis.

Uncontrolled and prolonged ER stress can lead to cell
apoptosis by activating downstream apoptosis-related
signaling molecules (Walter and Ron 2011). The molecule
Tun induces ER stress by blocking the first step of N-linked
glycoprotein synthesis (You et al. 2018). In the present study,
the increase in GRP78, ATF6, and CHOP protein abundance
and the ratio of p-PERK/PERK and p-IRE1/IRE1 after Tun
pretreatment confirmed previous data demonstrating that it

activated ER stress via promoting ER transmembrane protein
activation and dissociation from GRP78 (Bull and Thiede
2012; Guo et al. 2017). Furthermore, the increase in GRP78,
ATF6, and CHOP protein levels along with the increases in
ratio of p-IRE1/IRE1 and p-PERK/PERK indicated that Tun
pretreatment aggravated the ER stress in bovine mammary
epithelial cells induced by FFA.

Signaling through ER stress sensors could trigger
apoptosis during prolonged ER stress (van der Kallen et al.
2009). Besides being an ER stress downstream marker,
CHORP is the most important transcription factor in regulating
ER stress-dependent apoptosis (Wu et al. 2021). The CHOP
protein directly or indirectly participates in activation of
caspase 9, which in turn cleaves the executioner caspase-3
and ultimately induces apoptosis (Mimura et al. 2012;
Marzuca-Nassr et al. 2021). The pro-apoptotic protein
Bax combines with Bcl2 to form a dimer leading to Bcl-
2 inactivation, thereby promoting apoptosis. As such, the
ratio of Bcl2 and Bax reflects the status of apoptosis (Li et al.
2021). In this study, the greater cleaved-caspase 9 and
cleaved-caspase 3 protein abundance and the ratio of Bax/
Bcl2 after FFA and Tun co-treatment suggested that Tun
aggravated the FFA-activation of apoptotic process. The
increase in number of apoptotic cells further corroborated
that activation of ER stress aggravated the FFA-induced
apoptosis in bovine mammary epithelial cells. Based on
these results, we hypothesized that FFA-induced ER stress
might contribute to apoptosis of mammary epithelial cells in
mammary gland of dairy cows with ketosis.

The specific mechanisms whereby ER stress mediated
apoptosis of bovine mammary epithelial cells is highly
complex and may depend in an extra interplay with other
signaling pathways. Notably, from a regulatory standpoint,
calcium imbalance in cells due to ER stress might trigger
apoptosis (Urra et al. 2013; Banerjee et al. 2017). The Ca*
release system in the ER plays a crucial role in the ER-
mitochondrial-Ca® cycle (Staats et al. 2016), and disturbance
of this process could lead to mitochondrial ROS generation
and depolarization of inner mitochondrial membrane (Duchen
1999; Kim and Kim 2018). In our previous study we observed
that excessive Ca®" uptake by mitochondria of bovine
mammary epithelial cells cause mitochondrial depolarization
and ROS production (Sun et al. 2023), with ROS
subsequently contributing to FFA-mediated apoptosis (Chang
et al. 2023). Together with the findings from our previous
study, the present results suggested the possibility that Ca**
released from the ER due to metabolic stress-induced stress
is taken up by mitochondria, stimulating mitochondrial ROS
production and further contributes to apoptosis in mammary
cells. The actual impact of Ca®* release from the ER on cell
apoptosis merits further studies.

Inhibition of ER stress mitigates ER-associated apoptosis
through regulating caspase-dependent intrinsic apoptosis
pathways (Zhong et al. 2021). TUDCA is a small-molecule
inhibitor of ER stress and can attenuate ER stress induced
by metabolic disorders in mice (Wang et al. 2018). The lower
protein abundance of CHOP, ATF6, and GRP78 and the
ratio of p-IRE1/IRE1 and p-PERK/PERK in FFA and TUDCA
co-treated cells confirmed that FFA-induced ER stress was
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effectively attenuated by the administration of TUDCA. The
lack of change in the protein abundance of CHOP and
GRP78 and the ratio of p-IRE1/IRE1 after treatment alone
with TUDCA is noteworthy. However, a similar response was
reported in a study in which TUDCA was shown to attenuate
obesity-induced ER stress without affecting these protein
markers alone (Ceylan-Isik et al. 2011).

Inhibition of ER stress in vitro reduced apoptosis by
suppressing the activation of caspase in mice (Montague
et al. 2014), a response that agrees with the finding that
TUDCA was effective in attenuating protein abundance of
cleaved-caspase 9, cleaved-caspase3, and the ratio of Bax/
Bcl2 in bovine mammary epithelial cells after FFA challenge.
In addition, the attenuation in the number of apoptotic cells
induced by FFA when ER stress was dampened by TUDCA
suggested that a key mediator of FFA on apoptosis in
mammary epithelial cells is the ER stress. These results are
supported by earlier studies demonstrating that FFA induce
ER stress (Kumar et al. 2021), and that inhibition of ER
stress is an effective protective mechanism against metabolic
stress-mediated apoptosis (Gundamaraju et al. 2018; Yang
et al. 2018).

However, this study has certain limitations that need
to be addressed. A notable limitation is the lack of direct
measurements of caspase-12 activity. Caspase-12 is
anchored to the ER membrane, where it plays a crucial role
in ER-stress-induced apoptosis. Upon activation, caspase-12
triggers a cascade that ultimately results in the activation
of caspase-3, which serves as the executioner caspase
responsible for the final stages of apoptosis. Although our
findings offer valuable insights into the effects of TUDCA
on caspase-3, a more comprehensive understanding of the
apoptotic pathway could be obtained by including data on
caspase-12. Future research should focus on exploring the
interaction between TUDCA and caspase-12 in greater detail
to fully elucidate the mechanisms of ER-mediated apoptosis.
Another significant limitation is that the study was conducted
exclusively in vitro, which restricts the ability to fully
extrapolate the findings to in vivo conditions. To confirm the
effectiveness of ER stress inhibitors such as TUDCA, further
research involving in vivo trials with dairy cows is essential.
Despite this limitation, our research contributes to the growing
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Fig. 7 High concentrations of free fatty acids (FFA) as a result
of metabolic stress lead to apoptosis of mammary epithelial
cell through excessive endoplasmic reticulum (ER) stress in
the mammary gland of dairy cows with ketosis.

body of evidence supporting the anti-apoptotic effects of
ER stress inhibition in the mammary glands of dairy cows.
Future research in this area, particularly studies incorporating
caspase-12 analysis, will be crucial for developing more
effective therapeutic strategies for diseases related to ER-
stress-induced apoptosis in dairy cows with ketosis.

5. Conclusion

In conclusion, high concentrations of FFA as a result of
metabolic stress lead to apoptosis of mammary epithelial cell
through excessive ER stress in the mammary gland of ketotic
dairy cows. As such, treatment with ER stress inhibitors such
as TUDCA may offer a promising therapeutic approach for
cows undergoing metabolic disorders that elevate circulating
FFA such as ketosis. Future research should focus on
conducting trials in dairy cows to confirm the effectiveness of
ER stress inhibitor and assess their practical application in
managing ER stress-related conditions in real-world settings.
This step is crucial for translating our findings into effective
strategies for improving dairy cattle health and productivity.
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