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Abstract

Previous studies have demonstrated that high-yielding dairy cows experience endoplasmic
reticulum (ER) stress in the liver during early lactation. To date, most insights into the role
of ER stress in metabolism and disease pathophysiology have been derived from rodent
and human models. In dairy cattle, however, the specific impact of ER stress on metabolic
pathways and its contribution to disease development remain insufficiently characterized.
The objective of this study was therefore to investigate the molecular effects of ER stress
using a bovine liver cell model (BFH12 cells). ER stress was induced by incubation with
Tunicamycin (TM) and Thapsigargin (TG). Molecular responses to ER stress were assessed
via a whole-genome array analysis and PCR targeting genes involved in selected metabolic
pathways. Incubation with both ER stress inducers resulted in a marked upregulation of
genes associated with the unfolded protein response (UPR) within a 4 to 24-h time frame,
indicative of the production of robust ER stress in these cells. Unexpectedly, treatment with
TM led to a downregulation of numerous genes involved in lipid biosynthesis, including
those related to lipogenesis and cholesterol synthesis. Furthermore, incubation with TM and
TG induced upregulation of genes involved in fatty acid oxidation and was accompanied by
a reduction in intracellular triglyceride concentrations. Genes associated with inflammatory
responses were upregulated by both TM and TG, whereas genes encoding antioxidant
enzymes were downregulated. Genes involved in ketogenesis did not exhibit a consistent
pattern of regulation. Overall, several effects of ER stress previously described in rodent
models could not be replicated in this bovine liver cell system. Extrapolating these findings
to dairy cows suggests that while ER stress may contribute to hepatic inflammation, it is
unlikely to play a significant role in the development of hepatic lipidosis or ketosis.

Keywords: unfolded protein response; liver; cow; lipogenesis; ketogenesis; inflammation

1. Introduction

The periparturient period, defined as the interval spanning three weeks before to three
weeks after parturition, constitutes the most critical phase in the reproductive cycle of high-
yielding dairy cows. With the onset of lactation, cows experience a pronounced negative
energy balance (NEB), driven by a sharp increase in energy demands for milk production
coupled with a concurrently reduced feed intake [1]. This NEB triggers extensive lipolysis,
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resulting in the mobilization of large quantities of non-esterified fatty acids (NEFA) from
adipose tissue. A portion of these NEFA is taken up by the liver. Due to the limited
capacity for -oxidation in hepatic tissue, a substantial fraction of NEFA is re-esterified
into triacylglycerols, leading to hepatic triglyceride accumulation and the development
of fatty liver [2,3]. Moreover, the elevated rate of gluconeogenesis during early lactation
depletes hepatic oxaloacetate, rendering it insufficient to fully condense with acetyl-CoA
derived from (3-oxidation. Consequently, excess acetyl-CoA is diverted toward ketogenesis,
resulting in the formation of ketone bodies and the manifestation of subclinical or clinical
ketosis [2,4].

In addition to these metabolic disturbances, the liver is exposed to inflammatory
insults, including microbial components (e.g., lipopolysaccharides), pro-inflammatory
cytokines, and reactive oxygen species. These insults often originate from infectious
diseases such as mastitis and metritis, or from ruminal acidosis, which are prevalent during
early lactation [5-8]. Together, these metabolic and inflammatory stressors induce cellular
stress responses in hepatic tissue.

Recent studies have demonstrated that, in addition to oxidative stress, endoplasmic
reticulum (ER) stress is also activated in the liver shortly after parturition [9,10]. ER
stress arises when the protein-folding capacity of the ER is overwhelmed, leading to the
accumulation of unfolded or misfolded proteins within the ER lumen [11]. This disruption
of ER homeostasis initiates an adaptive signaling cascade known as the unfolded protein
response (UPR), which aims to restore ER function through three primary mechanisms:
(i) upregulation of ER chaperones to enhance protein folding capacity; (ii) attenuation
of global protein translation; and (iii) degradation of aberrant proteins via ER-associated
degradation. If these compensatory mechanisms fail, the UPR can trigger apoptotic cell
death [12,13].

Beyond these canonical responses, the UPR also modulates lipid biosynthesis, pro-
motes inflammation via activation of nuclear factor kappa B (NF-kB), enhances antioxidant
defenses through nuclear factor erythroid 2-related factor 2 (Nrf2), and stimulates the
synthesis of fibroblast growth factor 21 (FGF21) [14-16]. FGF21, which is markedly up-
regulated in dairy cows at parturition and during early lactation, has been proposed as
a stress-responsive hormone that regulates key metabolic pathways including fatty acid
oxidation, gluconeogenesis, and ketogenesis [17-21]. Based on these observations, ER
stress has been implicated in the pathogenesis of metabolic disorders in dairy cows, such
as ketosis, hepatic steatosis, and insulin resistance [22].

To date, most insights into the role of ER stress in disease pathophysiology have
been derived from rodent and human studies. In humans, ER stress is known to con-
tribute to a wide array of conditions, including diabetes mellitus, cardiovascular disease,
stroke, ischemia-reperfusion injury, cancer, neurodegeneration, and hepatic and renal
disorders [23,24]. In dairy cows, however, the specific impact of ER stress on metabolic
pathways and its contribution to disease development remain poorly understood.

The present study aims to elucidate hepatic pathways in bovine cells that are mod-
ulated by ER stress. To this end, we employed the BFH12 cell line, a fetal bovine hep-
atocyte model previously utilized to investigate bovine hepatic steatosis [24]. ER stress
was experimentally induced using tunicamycin (TM) and thapsigargin (TG). TM is a
nucleoside antibiotic that inhibits N-linked glycoprotein synthesis, thereby promoting
the accumulation of misfolded proteins in the ER. TG, on the other hand, inhibits the
sarco/endoplasmic reticulum Ca?*-ATPase, leading to ER stress by depleting intraluminal
calcium stores [25,26].
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2. Materials and Methods
2.1. Cell Culture

The bovine SV40 large T-antigen-transduced fetal hepatocyte-derived cell line BFH12
was kindly provided by Dr. Axel Schoeniger (Institute of Biochemistry, University of
Leipzig, Germany). Cells were cultured in Williams” E medium (Bio&SELL, Niirnberg,
Germany). containing 5% heat-inactivated FBS, 2 mM L-alanyl-L-glutamine, 100 nM
dexamethasone, 0.2 U/mL insulin (all from Sigma-Aldrich, Taufkirchen, Germany) and 1%
penicillin/streptomycin (Th. Geyer, Hoxter, Germany) at 37 °C in a humidified atmosphere
containing 5% CO; [27]. Medium was changed every 2-3 days, and cells were passaged
every 7 days using Trypsin-EDTA (3 min at 37 °C). BFH12 cell cultures were regularly tested
for Mycoplasma spp. contamination using the PCR Venor GeM Classic kit (Miberva Biolabs,
Berlin, Germany). For experiments, BFH12 cells were seeded in different cell culture
vessels (6-, 24-, 96-well plates), and incubated in culture medium only or culture medium
containing either vehicle (0.1% DMSO) or TM or TG (dissolved in DMSO, both from Sigma-
Aldrich, Taufkirchen, Germany) at different concentrations and for different time periods as
described below and/or indicated in the figure legends. All experiments were performed
three times each from different cell-passage numbers (independent experiments). An
independent experiment was defined as an experiment performed with cells of a specific
passage number and included seeding, treatment, and analysis.

2.2. Cell Viability Assay

BFH12 cells were seeded in 96-well plates at a density of 1 x 10* cells/well, and incu-
bated in culture medium until reaching 70-80% confluency. Subsequently, cells were treated
with medium only or medium containing vehicle only or TM or TG at different concentra-
tions (TM: 10, 50, 100, 500, 1000 ng/mL; TG: 10, 50, 100, 250, 500 nM) for 24 h. Subsequently,
cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich, Taufkirchen, Germany) assay as described recently [28].
Viability of BFH12 cells treated with different concentrations of TM or TG is presented as
percentage of viability of cells treated with medium only.

2.3. Total RNA Extraction

For RNA extraction, BFH12 cells were seeded in 24-well plates at a density of
2.5-3 x 10* cells/well and incubated in culture medium until reaching 70-80% conflu-
ency. Subsequently, cells were treated with medium only or medium containing vehicle
only or TM (100 ng/mL) or TG (100 nM) for different time periods (4, 8, 12, 24 h). The
culture medium was aspirated and the cells were washed once with PBS. Total RNA was
extracted using TRIzol (Invitrogen, Karlsruhe, Germany) according to manufacturer’s
instruction and stored at —80 °C. The concentration and purity of total RNA was estimated
by measuring the optical density at 260 and 280 nm using a (NanoQuant Plate and Infinite
M200 microplate reader, i-control 2.0, Tecan, Madnnedorf, Switzerland).

2.4. Whole-Genome Transcriptome Analysis

Differential transcriptome analysis was conducted using the Affymetrix Bovine Gene
1.0 ST array (Thermo Fisher Scientific, Waltham, MA, USA) consisting of 526,810 probes,
which represent 24,341 genes. Five BFH12 cell total RNA samples per treatment were
randomly selected and processed at the Genomics Core Facility “KFB—Center of Ex-
cellence for Fluorescent Bioanalytics” (Regensburg, Germany), following the Applied
Biosystems GeneChip Whole Transcript (WT) PLUS Reagent Kit User Guide (Thermo
Fisher Scientific, Waltham, MA, USA). Prior to processing, RNA quality was assessed
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). The
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average OD260/280 ratio and RNA integrity number (RIN) were 1.99 4+ 0.01 and 9.7 = 0.1
(n = 15, mean = SD), respectively, indicating satisfactory RNA quality. Processing of the
raw data (cell intensity files), calculation of summarized probe set signals (in logy scale),
comparison of fold changes (FC), and determination of significance (p-values) were per-
formed as described previously [29]. Annotation of the gene arrays was performed with
the “BovGene-1_0-stvl_Probeset_Release 36” annotation file. The microarray data have
been made publicly available in MIAME-compliant format in the NCBI's Gene Expres-
sion Omnibus (GEO) repository under GEO Accession number GSE305850 [30]. The raw
p-values were adjusted for the number of genes tested using Benjamini and Hochberg’s
false discovery rate (FDR) to account for multiple comparisons. Differentially expressed
transcripts were filtered based on FC > 2.0 or <—2.0 and FDR-adjusted p-value < 0.05
for comparisons between groups TM vs. vehicle only (DMSO) and TG vs. vehicle only
(DMSO). Gene Set Enrichment Analysis (GSEA) was conducted using the clusterProfiler
R package (v.4.5.1) [31], with genes ranked according to a composite metric combining
effect size and statistical significance: log,(FC) x —logjo(FDR-adjusted p-value). GSEA
was performed within pathway databases Gene Ontology Biological Process and Reactome
using gene sets from the Molecular Signatures Database (MSigDB) [32-34], accessed via the
msigdbr package (v.25.1.1) [35], with a focus on Bos taurus-specific annotations. Parameters
included a minimum gene set size of 10, maximum of 500, and a significance threshold
of FDR-adjusted p-value < 0.05. Normalized Enrichment Scores (NES) were computed to
account for gene set size and correlations. Enrichment results were visualized as dot plots,
displaying the top 20 pathways per database. All analyses were conducted in R (4.5.1) [36].

2.5. Synthesis of cDNA and qPCR Analysis

The cDNA was synthesized from 1.2 ug of total RNA using a master mix containing
oligo(dT)18 primer (Eurofins MWG Operon, Ebersberg, Germany), dNTP mix (GeneCraft,
Lidinghausen, Germany), 5x RT reaction buffer and M-MuLV Reverse Transcriptase
(both from Thermo Fisher Scientific) in a thermocycler (Biometra, Gottingen, Germany).
The qPCR analysis was performed with a Rotor-Gene Q system (Qiagen, Hilden, Ger-
many) as described recently in detail [28]. Gene-specific primer pairs were designed using
Primer3 [37], and the Basic Local Alignment Search Tool [38], and synthesized by Eurofins
MWG Operon (Ebersberg, Germany). Characteristics of primers are listed in Supplemen-
tary Table S1. Calculation of relative mRNA levels with the comparative Ct method using
the sample with the lowest Ct value as reference Ct value were carried out as described in
a recent publication [28]. Normalization of target gene mRNA levels was carried out using
multiple reference genes by the geNorm software (geNorm_v. 3.5, Ghent, Belgium) [39].
Based on M-values and V-values, the normalization factor was calculated as the geometric
mean of expression data of B2M, RPL12, RPL19, RPS9 and SDHA. Normalized mRNA
levels of cells treated with DMSO alone were set to 1 and means and SD of cells of the other
treatments were scaled proportionately.

2.6. Immunoblotting

For immunoblotting, BFH12 cells were seeded in 6-well plates at a density of
2 x 10° cells/well and incubated in culture medium until reaching 70-80% confluency.
Subsequently, cells were treated with medium only or medium containing vehicle only or
TM (100 ng/mL) or TG (100 nM) for 24 h. Following treatment, medium was aspirated
and cells were washed with PBS and harvested using a cell scraper (Sarstedt, Niimbrecht,
Germany). The cells were centrifuged for 5 min at 350 g and 4 °C, and the resulting cell
pellet was dissolved with 20 pL of RIPA buffer [50 mM Tris, 150 mM NaCl, 10% glycerol,
0.1% SDS, 1% Triton X-100, 1 mM EDTA, 0.5% deoxycholate, 1% protease inhibitor cocktail
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(Sigma-Aldrich, Taufkirchen, Germany), 1% phosphatase inhibitor cocktail (PhosSTOP,
Sigma-Aldrich, Taufkirchen, Germany); pH 7.5], and incubated on ice for 60 min. The
samples were then centrifuged at 12,000 x g for 15 min and 4 °C and the supernatant/cell
lysate was collected for the determination of HSPA5, DDIT3 and Vinculin expression.
Protein concentration of cell lysates was determined by the bicinchoninic acid protein
assay kit (Interchim, Montlugon, France) with BSA as standard. An amount of 10 pg
protein was separated on 10% SDS-PAGE and electro-transferred to a nitrocellulose mem-
brane (Pall Corp, Pensacola, FL, USA). After blocking membranes with 5% non-fat dry
milk in TBS-T 0.1% at 4 °C overnight, membranes were incubated with primary antibod-
ies mouse anti-DDIT3 (dilution 1:2000), rabbit anti-HSPA5 (dilution 1:5000) and rabbit
anti-Vinculin as reference protein (dilution 1:10,000; all from Thermo Fisher Scientific,
Darmstadt, Germany) at 4 °C overnight. The membranes were washed, and then incubated
with horseradish peroxidase-conjugated secondary antibodies anti-rabbit-IgG (dilution
1:10,000; Sigma-Aldrich, Taufkirchen, Germany) or anti-mouse-IgG (dilution 1:10,000; Ab-
cam, Cambridge, UK) at RT for 1.5 h. Afterward, blots were developed using ECL Plus (GE
Healthcare, Miinchen, Germany). The signal intensities of specific bands were detected
with a Bio-Imaging system (Syngene, Cambridge, UK) and quantified using Syngene Gene-
Tools software (nonlinear dynamics; Syngene, v.1.8.13.0). Normalized protein levels of cells
treated with DMSO alone were set to 1 and means and SD of cells of the other treatments
were scaled proportionately.

2.7. Cellular Triglyceride Concentration

BFH12 cells were seeded in 96-well plates at a density of 2-3 x 10* cells/well and incu-
bated in culture medium until reaching 70-80% confluency. Subsequently, cells were treated
with medium only or medium containing vehicle only or TM (100 ng/mL) or TG (100 nM)
for different time periods (4, 8, 12, 24 h). After treatment, the medium was aspirated, the
cells were washed twice with PBS, and triglyceride concentration determined using the
Triglyceride-Glo assay (Promega, Walldorf, Germany) according to the manufacturer’s
instruction. Luminescence was measured using an Infinite M 200 microplate reader (Tecan,
Mainz, Germany), and triglyceride concentration calculated with a glycerol standard curve.
Cellular triglyceride concentration was related to the number of cells. Cell counting was
performed automatically using Zeiss Labscope v3.4 software (Carl Zeiss, Jena, Germany).
Using the cell number for normalization of triglyceride levels was adequate because it
clearly reflected the impairment of cell viability in response to treatment with TM (100
ng/mL) or TG (100 nM). In addition, the cell number was better suitable for normalization
than cellular protein levels, because the cell monolayer was partially damaged during the
Triglyceride-Glo assay and not the whole cellular protein could be recovered.

2.8. Statistical Analysis

The data were statistically analyzed using Minitab statistical software (release 13.0,
Minitab Inc., State College, PA, USA). All data represent the means and SD of three
independent experiments. Data (residuals) of each independent experiment were analyzed
for normality of distribution (Anderson-Darling test). Because data were statistically
analyzed only within each time point but not across different time points, one-way analysis
of variance (ANOVA) was applied to evaluate the effect of treatment. For statistically
significant F-values, the individual means of the treatment groups were compared using
Fisher’s multiple range test. Effects were considered statistically significant if p < 0.05.
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3. Results
3.1. Effect of ER Stress Inducers on BFH12 Cell Viability

Prior to studying the effect of ER stress inducers on BFH12 cell metabolism, the
effects of 24 treatment with increasing concentrations of either TM (0-1000 ng/mL) or TG
(0-500 nM) on cell viability was investigated. Treatment with increasing concentrations
of both ER stress inducers decreased cell viability. While cell viability was not impaired
at the lowest TM concentration tested (10 ng/mL) when compared to treatment with
vehicle alone, cell viability was impaired by 18%, 20% and >30% at TM concentrations
of 50, 100 and >500 ng/mL, respectively (Figure 1A). Likewise, the lowest concentration
of TG tested (10 nM) did not reduce BFH12 cell viability, whereas TG concentrations of
50, 100, 250 and 500 nM reduced cell viability by approx. 20, 25, 35 and 40%, respectively
(p < 0.05, Figure 1B). For subsequent experiments investigating the effect of ER stress on
BFH12 cell metabolism, TM and TG were used at concentrations of 100 ng/mL and 100 nM,
respectively, which was reported to induce ER stress in several other cell types (e.g., FRTL-5
cells [40], MDBK cells [28], IPEC-]2 cells [41]).

B 120 -

Cell viability
(% of DMSO alone)
8 8

20 -

0
DMSO (%) - 0.1 0.1 0.1 0.1 0.1 0.1

0.1 0.1 0.1 0.1 0.1
10 50 100 500 1000 TG(nM) - - 10 50 100 250 500

Figure 1. Effect of treatment with increasing concentrations of ER stress inducers TM and TG on
BFH12 cell viability. After reaching 70-80% confluency, BFH12 cells were treated with medium only
or medium containing vehicle only (0.1% DMSO) or TM (A) or TG (B) at the concentrations indicated
for 24 h. Data are means £ SD from three independent experiments. abcde Means without a common
letter within one time point differ across the treatments, p < 0.05.

3.2. Effect of ER Stress Inducers on Indicators of ER Stress in BFH12 Cells

In order to study the induction of ER stress in BFH12 cells, the mRNA of several ER
stress target genes involved in the UPR were measured in BFH12 cells treated or not with
TM (100 ng/mL) and TG (100 nM) for different time periods (424 h). The mRNA levels of
all ER stress target genes investigated (ATF4, DDIT3, DNAJC3, FGF21, HSPA5, HERPUD]I,
HYOU1, PDIA4) were higher in BFH12 cells treated with TM and TG than in cells treated
with vehicle only at all incubation periods (p < 0.05, Table 1). Treatment with TM caused
the strongest induction of ATF4, DDIT3, DNAJC3, FGF21, HSPA5, HERPUD1, HYOU]I,
PDIA4 after 12, 12,24, 4,12, 8, 24 and 12 h, respectively, compared to treatment with vehicle.
TG caused the strongest induction of ATF4, DDIT3, DNAJC3, FGF21, HSPA5, HERPUD]1,
HYOU1, PDIA4 after 4,12, 12,4, 12,12, 12 and 12 h, respectively, compared to treatment
with vehicle. Given that most ER stress target genes exhibited peak mRNA expression
between 12 and 24 h, BFH12 cells were treated for 24 h in all subsequent experiments.

In line with the markedly elevated HSPA5 and DDIT3 mRNA levels, the protein levels
of HSPA5 and DDIT3 were markedly higher in BFH12 cells treated for 24 h with TM (8-
and 2.4-fold, respectively) and TG (9.5- and 2.5-fold, respectively) than in cells treated with
a vehicle (Figure 2A). In addition, treatment of BFH12 cells with TM and TG for 4, 8, 12 and
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48 h caused XBP1 splicing, a known effect of ER stress, as evident from the detection of a
129 bp PCR product representing the spliced XBP1 (sXBP1) (Figure 2B). The band intensity
of sXBP1 was similar for all treatment periods with TM. In contrast, sXBP1 band intensity
was weaker for treatment with TG for 24 h than treatment with TG for shorter time periods.
In agreement with this, the band intensity of the unspliced XBP1 PCR product (155 bp)
was higher after 24 h treatment with TG than after shorter treatment periods with TG. This
indicated that XBP1 splicing was mainly induced by TG between 4 and 12 h of treatment.

DMSO TM TG DMSO TM TG
T [ o™
[ F= =) vinculin [ F= B vinculin
HSPAS5 DDIT3
12.0 - . 3.0 -
3 100 T 251
[ K
= 80 = 2.0
E 5
° 1<
g 60 2 151
@ @
£ 40 2 1.0
s =
& 20 & 05
0.0 0.0
DMSO TM TG DMSO TM TG
B [S N6
== 00 =E=o0oo0 =Sz o0 =002
MOOFFFFMOOFFFFMOOFFFFMOOFRFFFZZ M
300bp - - - -
- -
200bp = - -
P -- - - - e XBP1(155 bp)
- eew “eww - - - SXBP1(129bp)
-
100bp - - -
- -
300bp - - -
- -
200bp W - -

CoovveePoesven
100 Dp S g - -‘.‘.O..
4h 8h 12h 24h

W 2PL19 (86 bp)

Figure 2. Effect of treatment with ER stress inducers TM and TG on protein levels of ER stress
marker genes HSPA5 and DDIT3 (A) and XBP1 splicing (B) in BFH12 cells. After reaching 70-80%
confluency, BFH12 cells were treated with medium containing either vehicle only (0.1% DMSO)
or TM (100 ng/mL) or TG (100 nM) for 24 h (A) or 4-24 h (B). (A) Data are means £ SD from
three independent experiments. * Asterisks denote difference from DMSO, p < 0.05. Representative
immunoblots for HSPA5 and DDIT3 including immunoblots for Vinculin as internal controls are
shown above the diagram. (B) Representative image from agarose gel electrophoresis of unspliced
(155 bp PCR product) and spliced (s) XBP1 (129 bp PCR product) as detected by conventional PCR.
The mRNA expression of RPL19 served as an internal control.

Table 1. Relative mRNA concentrations of ER stress target genes in BFH12 cells treated with either
vehicle (0.1% DMSO), TM (100 ng/mL) or TG (100 nM) for different time periods.

Time Periods (h)

Gene Treatment 4 8 12 24
DMSO 1.00 £0.00¢ 1.00 £0.00® 1.00+0.00° 1.00+0.00P
ATF4 ™ 2414024 22640602 24140562 1.62+0.232

TG 323+0452% 242+£0522 2314+052?% 1.33+0.14°
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Table 1. Cont.
Time Periods (h)
Gene Treatment 4 8 12 24
DMSO 1.00 £ 0.00® 1.004+0.00¢ 1.00+£0.00¢ 1.00 & 0.00°¢
DDIT3 ™ 817 £2.752 10.02+1.60P 11.76 +2.06® 9.65+1.232
TG 819+ 2172 1566+ 0.712 1896 +1.652 3.29 4+ 0.36P
DMSO 1.00+0.00¢  1.00+0.00> 1.00+£0.00¢ 1.00+ 0.00°¢
DNAJC3 TM 227 +037P  3.02+0742 395+1.02P 4.04+0462
TG 317 +£1.042 338+0802 52040252 3.06+001P
DMSO 1.00 £0.00¢ 1.00+0.00¢ 1.00+£0.00¢ 1.00 & 0.00°¢
FGF21 ™ 11.14 £ 090> 843 +0.30P 517+052P 41940992
TG 14.82 +1.182 1073 +£1.982 795+ 0.742 1.21 4 047"
DMSO 1.00 £0.00¢ 1.00+0.00¢ 1.00+£0.00¢ 1.00 & 0.00°¢
HSPA5 ™ 471 +050P 12.88+1.28" 13.06 £2.39P 10554+1.312
TG 6.63+0.072 13.75+1472 18.12+3.082 6.69 4 0.17P
DMSO 1.00 £ 0.00®  1.00+0.00® 1.00+£0.00¢ 1.00 £ 0.00°¢
HERPUD1 TM 985+0.722 11.02+1.522 1094+ 091" 6.64+0.612
TG 935+0.622 1207 +1.78?2 16.82+1532 3294 037P
DMSO 1.00 £0.00¢ 1.00+0.00¢ 1.00+£0.00¢ 1.00 £ 0.00°¢
HYOU1 ™ 357 +0.72b  643+082P 1235+030P 2210+3.602
TG 552+0.622 14.09+1.352 22.83+1362 901+ 057P
DMSO 1.00 £0.00¢  1.00+0.00® 1.00+£0.00¢ 1.00 & 0.00°¢
PDIA4 ™ 1.85+0.18°> 378+0.872 570+ 142> 459+0372
TG 257 +0252 383+0612 721+1762 3.484+1.20P

Data are means + SD from three independent experiments. P Means without a common letter within one time
point differ across the treatments, p < 0.05.

3.3. Effect of ER Stress Inducers on Expression of Genes Involved in Inflammation in BFH12 Cells

In line with the known stimulatory effect of ER stress on inflammation, treatment
with TM and TG for 24 h increased mRNA levels of NFKB1 and TNF when compared to
treatment with vehicle only (p < 0.05, Table 2); NFKB1 was already upregulated by TM
and TG after 4 h of incubation and remained upregulated at later time periods; TNF was
upregulated only after 8 h of incubation with TM and TG and remained upregulated by
both ER stress inducers at later time periods.

Table 2. Relative mRNA concentrations of inflammatory genes in BFH12 cells treated with either
vehicle (0.1% DMSO), TM (100 ng/mL) or TG (100 nM) for different time periods.

Time Periods (h)
Gene Treatment 4 8 12 24
DMSO 1.00 £0.00° 1.00£0.00® 1.00+0.00¢ 1.00+0.00°¢
NFKB1 ™ 125+0432 139+0.362 19740372 151+0272
TG 1.32+0252 13940352 123+026P 1.28+025P
DMSO 1.00 £0.002  1.00 £0.00® 1.00+0.00° 1.00+0.00P
TNF ™ 0.61 +024b 141+0382 146+0.382 1.79+0.402
TG 0.88+0142 143+0483 135+04928 196+ 0202

Data are means & SD from three independent experiments. *¢ Means without a common letter within one time

point differ across the treatments, p < 0.05.

3.4. Effect of ER Stress Inducers on the Transcriptome of BFH12 Cells

In order to evaluate the effect of ER stress inducers on BFH12 cell metabolism,
genome-wide transcriptome analysis was carried out following treatment of cells with
TM (100 ng/mL) or TG (100 nM) for 24 h. When comparing BFH12 cells treated with
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TM and those treated with vehicle (0.1% DMS) (TM vs. control), a total of 216 tran-
scripts were differentially regulated according to the two-filter criteria (FC > 2 or
<—2, FDR-adjusted p < 0.05); of those, 139 transcripts were upregulated and 77 tran-
scripts were downregulated in cells treated with TM compared to those treated with
vehicle (Figure 3A). Amongst the upregulated transcripts, the 10 most strongly regu-
lated transcripts in response to TM were in decreasing order of their FC (in brackets):
CYP3A4 (10.54), RCANT1 (10.08), CCDC39 (9.85), TNFSF18 (8.74), SYT4 (7.83), IFIT1 (7.25),
DNAJB9 (5.18), PTGS2 (5.12), DDIT3 (5.04) and DERL3 (4.99). The 10 most strongly down-
regulated transcripts in response to TM were in increasing order of their FC (in brackets):
C15H11orf34 (—10.47), HMGCS1 (—6.9), LRRN4 (—6.2), CXCL9 (—5.82), FABP3 (—4.79),
CA3 (—4.73), CXCL11 (—4.3), KRT6A (—4.05), SQLE (—3.96) and FDFT1 (—3.84). The FC
and FDR-adjusted p-value of all differentially expressed transcripts between TM vs. control
are listed in Supplementary Table S2.
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T LRRNZ™®® 520° “ rcan
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Figure 3. Volcano plots showing the differentially regulated transcripts between BFH12 cells treated
with TM vs. DMSO (A) and BFH12 cells treated with TG vs. DMSO (B). The double filtering criteria
are indicated by horizontal (FDR-adjusted p-value < 0.05) and vertical (FC: >log,(2.0) or <logy(—2.0))
dashed lines. Transcripts in the upper left and the upper right corner represent the downregulated
and the upregulated transcripts, respectively.

Considering the same filter criteria as above, a similar number of differentially ex-
pressed transcripts, namely 215, was identified for the comparison TG vs. control. Out
of these, 140 were upregulated and 75 were downregulated in cells treated with TG com-
pared to those treated with vehicle (Figure 3B). The 10 most strongly upregulated tran-
scripts in response to TG were in decreasing order of their FC (in brackets): MX1 (16.55),
RCANT (12.13), IFIT1 (11.95), OAS1Y (11.0), SYT4 (7.97), CYP3A4 (7.38), CCDC39 (5.75),
LBH (5.51), SLC6A2 (5.22) and LOC100298356 (5.22). In contrast, the 10 most strongly
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downregulated transcripts in response to TG were in increasing order of their FC (in brack-
ets): CXCL9 (—9.35), C15H110rf34 (—6.95), CXCL11 (—5.12), KRT6A (—4.96), SCEL (—4.67),
CXCL10 (—4.44), CA3 (—4.39), SERPINI1 (—4.0), LRRN4 (—3.84) and CEMIP (—3.77). The
FC and FDR-adjusted p-value of all differentially expressed transcripts between TG vs.
control are listed in Supplementary Table S3.

Comparing the top 10 transcripts regulated by TM and TG, five (CYP3A4, RCAN1,
CCDC39, SYT4, IFIT1) and six genes (KRT6A, CXCL11, CA3, CXCL9, LRRN4, C15H110rf34)
were found to be upregulated and downregulated, respectively, by both TM and TG. In
line with the activation of ER stress by TM and TG, a large number of ER stress-regulated
genes were identified amongst the differentially expressed genes (Table 3); a total of 15 and
16 known ER stress target genes were found to be regulated >2-fold in BFH12 cells treated
with TM and TG, respectively.

Table 3. Regulation of ER stress target genes according to microarray analysis in BFH12 cells treated
with either vehicle (0.1% DMSO), TM (100 ng/mL) or TG (100 nM) for 24 h.

TM vs. DMSO TG vs. DMSO

ER Stress Target Gene FC FC
DNAJB9 5.18 443
DDIT3 5.04 441
DERL3 4.99 475
TRIB3 4.43 3.24
HERPUD1 4.32 4.35
Hyou1 3.93 423
NUPR1 3.66 3.35
CHAC1 293 2.14
DNAJB11 2.87 3.16
DNAJC3 2.76 2.22
MANF 2.75 2.57
PDIA4 2.73 3.05
PPPIR15A 2.28 2.56
DERL2 221 2.05
FICD 2.12 -
ATF6 - 2.08
EDEM1 - 2.14

3.5. Pathways Affected by ER Stress Inducers Based on Their Effects on the Transcriptome of
BFH12 Cells

In order to identify pathways affected by ER stress inducers, GSEA was performed
within GO biological process and Reactome pathways databases. In BFH12 cells treated
with TM, the most enriched upregulated biological processes were response to endoplasmic
reticulum stress, ERAD pathway and regulation of endoplasmic reticulum stress, whereas
the most enriched downregulated biological processes were the sterol biosynthetic process,
ribonucleoprotein complex biogenesis and steroid biosynthetic process (Figure 4A). The
most enriched upregulated Reactome pathways were unfolded protein response UPR and
IRE1 activates chaperones and the most enriched downregulated Reactome pathways were
metabolism of steroids, regulation of cholesterol biosynthesis by SREBP SREBF and mRNA
splicing (Figure 4B).

Likewise, in BFH12 cells treated with TG, the most enriched upregulated biological
processes were response to endoplasmic reticulum stress, regulation of endoplasmic reticu-
lum stress and ERAD pathway (Figure 5A), and the most enriched upregulated Reactome
pathways were unfolded protein response UPR and IRE1 activates chaperones (Figure 5B).
The most enriched downregulated biological processes were the ribonucleoprotein complex
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biogenesis, ribosome biogenesis and rRNA metabolic process, and the most enriched down-
regulated Reactome pathways were processing of capped intron containing pre-mRNA,

rRNA processing and mRNA splicing.
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Figure 4. Top 20 significantly enriched Gene Ontology biological processes (A) and Reactome path-
ways (B) identified by GSEA. The Normalized Enrichment Score (NES) reflects both the magnitude
and direction of pathway enrichment. Positive NES values (red) indicate pathways upregulated in
cells treated with ER stress inducer tunicamycin (TM), while negative NES values (blue) indicate
downregulated pathways. Point size represents the statistical significance of enrichment (—log;g FDR-
adjusted p-value). All pathways shown have adjusted p-value < 0.05.
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Figure 5. Top 20 significantly enriched Gene Ontology biological processes (A) and Reactome path-
ways (B) identified by GSEA. The Normalized Enrichment Score (NES) reflects both the magnitude
and direction of pathway enrichment. Positive NES values (red) indicate pathways upregulated in
cells treated with ER stress inducer thapsigargin (TG), while negative NES values (blue) indicate
downregulated pathways. Point size represents the statistical significance of enrichment (—log
FDR-adjusted p-value). All pathways shown have adjusted p-value < 0.05.

3.6. Effect of ER Stress Inducers on Expression of Genes Involved in Lipid Synthesis in
BFH12 Cells

Considering that GSEA revealed that the genes downregulated by TM were mainly
involved in sterol biosynthetic process, genes of these pathways were filtered from the
list of genes downregulated by TM. Those genes were in increasing order of their FC:
HMGCS1 (—6.9), SOLE (—3.96), FDFT1 (—3.84), SCD (—3.71), FADS2 (—3.24), LDLR (—3.15),
FDPS (—2.94), IDI1 (—2.85), HMGCR (—2.7), LSS (—2.66), DHCR24 (—2.58), ACAT2 (—2.39)
and FASN (—2.37). None of these genes were found to be downregulated by TG. To confirm
this finding from genome-wide transcriptome analysis, the mRNA levels of a set of genes
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involved in fatty acid/triglyceride and cholesterol synthesis were determined in BFH12
cells treated or not with TM (100 ng/mL) and TG (100 nM) for different time periods
(424 h). The mRNA levels of genes involved in fatty acid synthesis investigated (ACLY,
ELOVL6, FASN, ME1, ME2, SCD) were markedly reduced in BFH12 cells treated with TM
for 24 h when compared to cells treated with vehicle only (p < 0.05, Table 4); time-course
analysis revealed that these genes were already downregulated by TM at 4 h (ME1, ME2)
and 8 h (ACLY, FASN, SCD, ELOVL6) and remained downregulated at 12 h and 24 h. In
contrast to TM, the mRNA levels of these genes were either not (ACLY, ME1, ME2, SCD)
oder only slightly reduced (FASN, ELOVL6) in BFH12 cells treated with TG for 24 h when
compared to cells treated with vehicle only (p < 0.05, Table 4); at earlier time points, no
consistent regulation of these genes by TG was seen; while ACLY and SCD were even
upregulated at 4 h, ME1 and ME2 were downregulated at 4 h and FASN and ELOVL6 were
not regulated at 4 h when compared to cells treated with vehicle. The mRNA levels of
genes involved in cholesterol homeostasis (HMGCR, LDLR, MVK) were downregulated
by TM as early as 4 h (MVK) and 8 h (HMGCR, LDLR) and remained downregulated even
stronger at later time-points (12 and 24 h) when compared to control cells (p < 0.05, Table 4).
In BFH12 cells treated with TG, the mRNA levels of HMGCR and LDLR were markedly
upregulated and that of MVK was not regulated at earlier treatment points (4 and 8 h),
whereas these genes were not regulated at 12 h and only slightly regulated (HMGCR, MVK:
down, LDLR: up) at 24 h.

Table 4. Relative mRNA concentrations of genes involved in fatty acid synthesis and cholesterol
homeostasis in BFH12 cells treated with either vehicle (0.1% DMSO), TM (100 ng/mL) or TG (100
nM) for different time periods.

Time Periods (h)

Gene Treatment 4 8 12 24
Fatty acid synthesis
DMSO 1.00 £ 0.00> 1.00+0.002 1.00+0.002 1.00 +0.002
ACLY ™ 0.88 £0.08® 0514+0.08°¢ 049 +0.08P 038+0.10"
TG 1.49 40272 0.81+020° 051+007° 096+0.052
DMSO 1.00 + 0.00 1.00 £0.002  1.004+0.002  1.00 + 0.00 2
ELOVL6 TM 0.98 + 0.22 0.61+0.09° 0.63+0.08> 025+0.07°¢
TG 0.91 + 0.08 0.724+0.00° 092+0042 0.704023P
DMSO 1.00 + 0.00 1.00 +0.002 1.00£0.002 1.00 +0.002
FASN ™ 1.04 + 0.21 051+013P 074 +0.15° 034 +0.06¢
TG 1.06 + 0.21 072 +0.17% 074+0.11° 069 +0.19"
DMSO 1.00+0.002  1.00+0.00®  1.00 + 0.002> 1.00 & 0.00 2P
MET1 ™ 070 £0.14> 0.82+023> 084+0.14P 083+0.07°
TG 0754+ 0.03> 1.16+005% 120+0262 1.3540.022
DMSO 1.00 £0.002  1.00+0.002 1.00+0.002 1.00 +0.002
ME2 ™ 077 £0.06° 0794006 070+0.12 075+0.02°
TG 079+ 019 077 +006> 077 +0.09° 08740.132
DMSO 1.00+£0.00¢ 1.00+0.00® 1.00+000° 1.00+0.002
SCD ™ 1334+ 0.05° 0.62+0.02¢ 046 +0.10¢ 0.3140.07P
TG 307 +£0.382 284+0652 220+0.142 097 +0.072
Cholesterol synthesis and uptake
DMSO 1.00 £ 0.00® 1.004+0.00® 1.00+£0.022 1.00+0.002
HMGCR TM 0.80+0.12b  0.60+0.08¢ 053 +0.02° 030+0.07P
TG 232+0482 198+0.722 1.01+0.032 0.754+0.09P
DMSO 1.00 £0.00®  1.00+0.00®> 1.00+£0.002 1.00+0.00P
LDLR ™ 094+ 0.16°> 0.65+0.06° 043 +0.16° 026+ 0.09°¢
TG 237+0392 212+0442 09940262 1284+0.242
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Table 4. Cont.
Time Periods (h)
Gene Treatment 4 8 12 24
DMSO 1.00 +0.002 1.00+0.002 1.00+0.002 1.00 +0.00?
MVK ™ 078+ 0.07 073+0.13> 069+0.11° 065+0.19P
TG 096 +0.192 093+0.132 099 +0.132 0.67 £0.05P

Data are means + SD from three independent experiments. P Means without a common letter within one time
point differ across the treatments, p < 0.05.

3.7. Effect of ER Stress Inducers on Expression of Genes Involved in Fatty Acid Oxidation in
BFH12 Cells

Treatment of BFH12 cells with TM for 24 h had no effect on the mRNA levels of
ACADL and ACADVL but increased those of CPT1A and CPT1B compared to treatment
with vehicle (p < 0.05, Table 5); after shorter incubation periods with TM, the mRNA levels
of ACADL and ACADVL were either reduced (ACADL: 4 and 12 h) or increased (ACADVL:
8 and 12 h). The mRNA levels of CPT1A and CPT1B were upregulated by TM also at earlier
incubation periods (CPT1A: 8 and 12 h; CPT1B: 4 and 12 h). Treatment with TG for 24 h
increased mRNA levels of ACADL, ACADVL, CPT1A and CPT1B (p < 0.05, Table 5); while
ACADVL and CPT1A were upregulated already at 4 h and remained upregulated up to
24 h of treatment, ACADL was not upregulated at earlier time periods and CPT1B only at
12 h and longer time periods.

Table 5. Relative mRNA concentrations of genes involved in fatty acid oxidation in BFH12 cells
treated with either vehicle (0.1% DMSO), TM (100 ng/mL) or TG (100 nM) for different time periods.

Time Periods (h)

Gene Treatment 4 8 12 24
DMSO 1.00 £0.002  1.00 =+ 0.00 1.00 £0.002  1.00 4+ 0.00P
ACADL ™ 0.68 +0.16°>  0.98 +0.02 0.69+0.18° 092 +0.06"
TG 0.81 +£020° 099 +0.12 088+0.112 124+0.172
DMSO 1.00 £0.00®  1.00+0.00® 1.00+£0.00° 1.00+0.00P
ACADVL TM 0884+ 011> 121+0442 136+0.072 0.86+0.02P
TG 124 +£0.022 138+0202 135+0172% 1.63+0.692
DMSO 1.00 £0.00°® 1.00 £0.00® 1.00+0.00¢ 1.00+0.00P
CPT1A ™ 114 +0.03> 17240162 130+0.10° 13940202
TG 1.85+ 0272 154+0.132 159+0462 1.80+0.672
DMSO 1.00 +0.00®  1.00 £ 0.00 1.00 £0.00®  1.00+0.00b
CPT1B ™ 123 +£0.182  1.03+0.31 131 +£0.152  1.4140.042
TG 0.89 4+ 0.13P>  0.92 +0.20 1.224+0.092 1364 0.042

Data are means & SD from three independent experiments. ab< Means without a common letter within one time
point differ across the treatments, p < 0.05.

3.8. Effect of ER Stress Inducers on Expression of Genes Involved in Ketone Body Synthesis in
BFH12 Cells

Treatment of BFH12 cells with TM and TG for 4-24 h decreased the mRNA level of
ACAT1 compared to treatment with DMSO (p < 0.05, Table 6). In contrast, the mRNA level
of HMGCL was increased following treatment with TM and TG for 8-24 h compared to
treatment with DMSO (p < 0.05, Table 6).
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Table 6. Relative mRNA concentrations of genes involved in ketone body synthesis in BEH12 cells
treated with either vehicle (0.1% DMSO), TM (100 ng/mL) or TG (100 nM) for different time periods.

Time Periods (h)

Gene Treatment 4 8 12 24
DMSO 1.00 £ 0.002  1.00+0.002 1.00+£0.00® 1.00 £0.002
ACAT1 ™ 0.80 £0.12> 0.81+0.02°> 089+0.14> 0.78+0.05"
TG 0.64 +0.08b 081+013> 072+005P 0744+0.13°
DMSO 1.00 +£0.00®  1.00+£0.00® 1.00+0.00P 1.00+0.00"
HMGCL TM 0954+ 0.18> 1.63+0312 158+0502 1.61+0.052
TG 121 +£0.032  192+0.232 130+0022 144 +0382

Data are means + SD from three independent experiments. #® Means without a common letter within one time
point differ across the treatments, p < 0.05.

3.9. Effect of ER Stress Inducers on Expression of Antioxidant Genes in BEH12 Cells

Treatment of BFH12 cells with TM and TG for 24 h reduced the mRNA levels of
antioxidant genes (CAT, GPX3, NQO1, SOD1) when compared to treatment with vehicle
(p <0.05, Table 7); TM decreased the mRINA levels of all these genes already after 4 h
(NQOT1) or 8 h (CAT, GPX3, SOD1); treatment with TG decreased the mRNA levels of CAT,
GPX3, NQO1 and SOD1 as early as 4 h, 12 h, 4 h and 8 h, respectively.

Table 7. Relative mRNA concentrations of genes involved in antioxidant defense in BFH12 cells
treated with either vehicle (0.1% DMSO), TM (100 ng/mL) or TG (100 nM) for different time periods.

Time Periods (h)

Gene Treatment 4 8 12 24
DMSO 1.00 £0.002  1.004+0.002 1.00+0.002 1.00£0.002
CAT ™ 1.024+0202 0.83+0.06° 077+014> 077+0.17P
TG 079+ 011 058+0.13> 1.18+0.062 0.82+0.12P
DMSO 1.00 £ 0.00> 1.004+0.002 1.00+0.002 1.00+0.002
GPX3 ™ 096 +0.09b 078+0.05> 083+0.18P 0.81+025P
TG 13240332 093+0.122 074+020° 0.75+0.20P
DMSO 1.00 £0.002  1.004+0.002 1.00+0.002 1.00 £0.002
NQO1 ™ 057 +£0.00° 0.62+0.06° 083+0.15P 0454+0.16°€
TG 0.84 +0.03b 096+0.128 072+0.29° 062+020P
DMSO 1.00 + 0.00 1.00 £0.002  1.004+0.00®  1.00 + 0.00 2
SOD1 ™ 1.05 + 0.12 0.81 £028° 082+011° 0.63+0.14P
TG 0.93 + 0.05 0.79+030P 0.63+018° 083+0.14P

Data are means + SD from three independent experiments. P Means without a common letter within one time
point differ across the treatments, p < 0.05.

3.10. Effect of ER Stress Inducers on Cellular Triglyceride Concentration in BFH12 Cells

In order to explore if the effects of ER stress inducers on the expression of genes
involved in lipid metabolism affected cellular lipid levels, the concentration of triglycerides
was determined in BFH12 cells treated or not with TM (100 ng/mL) and TG (100 nM) for
different time periods (424 h). Treatment with TM and TG for 12 and 24 h decreased
cellular triglyceride concentration compared to treatment with vehicle alone (p < 0.05,
Figure 6). After 4 h of treatment, the cellular triglyceride concentration was decreased in
BFH12 cells treated with TG but not with TM. Treatment with TM and TG for 8 h had no
effect on cellular triglyceride concentration compared to treatment with vehicle.
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Figure 6. Effect of treatment with ER stress inducers TM and TG on cellular concentration of
triglycerides in BFH12 cells. After reaching 70-80% confluency, BFH12 cells were treated with
medium containing either vehicle only (0.1% DMSO) or TM (100 ng/mL) or TG (100 nM) for 4-24 h.
Data are means + SD from three independent experiments. ab Means without a common letter
within one time point differ across the treatments, p < 0.05.

4. Discussion

Previous studies have demonstrated that ER stress is induced in the liver of dairy cows
during the transition period, leading to activation of the UPR [9,10]. However, the precise
molecular effects of ER stress in bovine hepatocytes remain largely unexplored. Based
on findings from rodent models and obese humans, it was hypothesized that ER stress
may contribute to the pathogenesis of common metabolic disorders in dairy cows, such as
hepatic steatosis and ketosis [22]. To investigate the effects of ER stress at the cellular level,
we employed the bovine hepatic cell line BFH12, which has previously been used to study
the impact of saturated fatty acids on the activation of peroxisome proliferator-activated
receptors and lipid accumulation [24,42]. It has been shown that BFH12 cells accumulate
lipids upon incubation with saturated fatty acids, making them a suitable in vitro model
for studying bovine hepatic steatosis [24].

To examine the molecular consequences of ER stress in bovine hepatocytes, cells
were treated with the well-established ER stress inducers TM and TG. As expected and
consistent with previous studies, both compounds induced a dose-dependent reduction in
cell viability, likely due to apoptosis triggered by prolonged UPR activation. In line with
earlier investigations, we selected TM and TG concentrations that maintained cell viability
just below 80% [28,40].

To identify metabolic pathways affected by UPR activation, we performed transcrip-
tome analysis on cells incubated with TM or TG for 24 h. Additionally, we quantified
mRNA levels of selected metabolic genes over a time course of 4 to 24 h to assess temporal
dynamics. Expression analysis of canonical UPR target genes and alternative splicing of
XBP1 confirmed robust activation of the UPR by both stressors. The time-course data
revealed that UPR activation was pronounced as early as 4 h post-treatment and persisted
for at least 24 h. Transcriptomic profiling further validated strong UPR induction, with
UPR-associated pathways, such as ERAD pathway and IRE1 activates chaperones, be-
ing among the most enriched upregulated biological processes and Reactome pathways
following treatment with either TM or TG. In addition, several pathways dealing with
RNA processing, such as rRNA processing and mRNA splicing were amongst the most
enriched downregulated pathways, in BFH12 cells treated with TM and TG—effects which
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reflect a major consequence of ER stress induction, namely the attenuation of global protein
translation [12,13].

A striking observation from whole-genome transcriptome analysis was the down-
regulation of numerous genes involved in cholesterol and fatty acid biosynthesis, such as
HMGCS1, SQLE, FDFT1, SCD, FADS2, LDLR, FDPS, IDI1, HMGCR, LSS, DHCR24, ACAT?2
and FASN, following TM treatment. In line with this, GSEA revealed that the most enriched
biological processes within the genes downregulated by TM were mainly involved in lipid
synthesis, such as sterol biosynthetic process, steroid biosynthetic process, activation of
gene expression by SREBF and regulation of cholesterol biosynthesis by SREBF. In addition,
this finding from whole-genome transcriptome analysis was corroborated by qPCR analysis
of individual lipogenic genes over the 4-24 h incubation period. The TM-induced sup-
pression of lipid synthesis contrasts with in vivo studies, which have consistently shown
that UPR activation enhances lipogenesis in hepatocytes [43]. In rodent and human liver
models, ER stress promotes proteolytic activation of sterol regulatory element-binding
protein 1 (SREBF1), a key transcriptional regulator of lipogenic genes such as ACACA,
ELOVL6, FASN, and G6PD [43-45]. Activation of the ER stress transducer PERK has been
shown to be essential for this effect, as PERK deletion reduces expression of lipogenic
enzymes including FASN [46].

Interestingly, TG treatment did not affect the expression of genes involved in choles-
terol or fatty acid synthesis, despite inducing a similarly strong UPR. This suggests that TM
and TG may exert distinct metabolic effects beyond ER stress and UPR activation [26,47].
For instance, TG has been shown to markedly reduce ApoB secretion in Huh7 hepatocytes,
whereas TM does not elicit this effect [26]. In order to clarify the divergent effects of TM
and TG on lipogenic gene expression, future studies should analyze the activity of SREBF1
by determining the protein levels of precursor (inactive) and nuclear (transcriptionally
active) SREBF1. It could be possible that translocation of precursor SREBF1 from the ER
to the Golgi apparatus and subsequent site 1 and site 2 protease-mediated processing of
SREBF1 is selectively inhibited by TM but not by TG.

Both TM and TG treatments led to upregulation of genes involved in (3-oxidation,
particularly CPT1A, which encodes the rate-limiting enzyme of mitochondrial fatty acid
oxidation [48]. This suggests that ER stress promotes (3-oxidation in BFH12 cells. Notably,
this finding contradicts observations in mice, where hepatic ER stress inhibits mitochondrial
[-oxidation [49]. In our study, both TM and TG treatments resulted in reduced intracel-
lular triglyceride levels. For TM, this reduction likely reflects simultaneous inhibition of
lipogenesis and stimulation of 3-oxidation. For TG, the decrease in triglyceride content
may be attributed primarily to enhanced 3-oxidation. Future fatty acid oxidation flux
experiments using '4C palmitate are warranted to clarify if B-oxidation is enhanced by ER
stress inducers.

The implications of these findings for lipid metabolism under ER stress remain unclear.
However, a potential link to FGF21, a stress-responsive hormone, may exist. FGF21 is
induced by various stress conditions—including environmental, nutritional (fasting, mal-
nutrition, high-fat diet, obesity, amino acid deprivation), and physical exercise—and is also
upregulated by ER stress via activating transcription factor 4 (ATF4) [50-52]. FGF21 plays a
pivotal role in hepatic energy homeostasis by stimulating (3-oxidation, suppressing de novo
lipogenesis, and promoting ketogenesis [53,54]. Exogenous FGF21 administration has been
shown to reduce hepatic lipid content [55]. There is evidence that FGF21 expression under
ER stress may serve as a negative feedback mechanism to mitigate ER stress effects [56].

In our study, ER stress induction by TM and TG led to a dramatic upregulation of
FGF21 expression (5- to 15-fold compared to control), particularly between 4 and 12 h post-
treatment. It is conceivable that this robust FGF21 response attenuated the typical ER stress-
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induced effects on lipid metabolism, such as increased lipogenesis, suppressed (3-oxidation,
and elevated intracellular triglyceride levels. In dairy cows, hepatic FGF21 expression
also rises sharply during early lactation compared to late gestation—by approximately 10-
fold [17] or even 100-fold [18]. If elevated FGF21 expression counteracts ER stress-mediated
alterations in lipid metabolism, it may suggest that ER stress does not play a central role in
the development of fatty liver in dairy cows.

Studies in rodents have demonstrated that FGF21 also enhances ketogenesis—a
metabolic pathway specifically engaged to ensure cerebral energy supply during fast-
ing conditions [57]. Given that ER stress markedly stimulates the release of FGF21, it has
been hypothesized that ER stress may promote ketogenesis. However, whole-genome
array analysis did not reveal upregulation of genes associated with ketogenesis, includ-
ing HMG-CoA synthase, the key enzyme in this pathway. Furthermore, qPCR data for
ACAT1 and HMGCL, two genes involved in ketogenesis, did not exhibit a consistent pat-
tern of regulation. These findings suggest that ER stress does not induce ketogenesis in
BFH12 cells.

Previous studies have shown that ER stress activates the NF-«B signaling pathway
via inositol-requiring enzyme 1 alpha, initiating inflammatory responses [58,59]. Our data
demonstrate that ER stress induction upregulates NFKB1 and TNF expression, indicating
activation of pro-inflammatory signaling. It is well established that dairy cows frequently
experience hepatic inflammation during early lactation, which may arise from various
sources. Our findings support the notion that ER stress contributes to this pro-inflammatory
hepatic condition, alongside other factors such as oxidative stress, social stress, heat stress,
leaky gut syndrome, metritis, and mastitis [8].

ER stress is also known to activate Nrf2, a transcription factor that regulates the expres-
sion of antioxidant and cytoprotective genes. Under basal conditions, Nrf2 is sequestered
by its inhibitor Keap1l. Upon ER stress, PERK-mediated phosphorylation of Nrf2 disrupts
the Nrf2-Keap1 complex, allowing Nrf2 to translocate to the nucleus and activate tran-
scription of genes containing antioxidant response elements in their promoters [11,60].
Activation of the Nrf2 pathway may serve to counteract ER stress-inducing factors such as
oxidative stress and inflammation. Contrary to these reports, our study found that TM and
TG treatments led to downregulation of several Nrf2-regulated antioxidant genes (CAT,
GPX3, NQO1, SOD1). Although we did not directly assess Nrf2 activity, these findings
suggest that Nrf2 signaling was not activated in BFH12 cells under ER stress conditions.
Our investigation suggests that ER stress may even impair the antioxidant defense system
in BFH12 cells.

One limitation of the study is that the doses of ER stress inducers used caused a slight
reduction of cell viability of approximately 20%. Thus, we cannot exclude that at least
some of the effects observed were the consequence of cell toxicity. Thus, future studies
using chemical chaperones (e.g., TUDCA) should clarify if some of the effects observed
(e.g., induction of UPR marker genes, reduction of lipogenesis) are reversible. Another
limitation of this study is that ER stress in BFH12 cells was induced using synthetic ER
stress inducers, which only partially reflects the physiological situation in the liver of freshly
lactating dairy cows, where metabolic stressors such as elevated blood levels of NEFA are
suspected to act as ER stress inducers. On the other hand, the model used—with TM and
TG—offers the advantage of inducing the various ER stress signaling pathways in a much
more specific manner, allowing for a more precise investigation of the effects of ER stress
on other metabolic pathways compared to the use of NEFA. Unlike TM and TG, NEFA
affect numerous additional cellular signaling pathways through activation of several fatty
acid-regulated hepatic transcription factors, including peroxisome proliferator-activated
receptors &, 3, Y1 and y2, hepatocyte nuclear factor 4 («x and v), retinoid X-receptor «,
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and liver X receptor « and {3 [61], meaning that the metabolic effects observed during
incubation of BFH12 cells with NEFA cannot be attributed solely to ER stress. Moreover, a
limitation of the cell model is that the BFH12 cells are of fetal origin and therefore may not
fully replicate the metabolic response of mature hepatocytes from freshly lactating dairy
cows in all aspects.

5. Conclusions

It was demonstrated that ER stress can be successfully induced in BFH12 cells by
incubation with TG or TM. Although BFH12 cells have been proposed as an in vitro
model for hepatic steatosis in dairy cows, several hallmark effects of ER stress observed
in rodent models—such as the activation of lipogenesis, inhibition of (3-oxidation, and
induction of the transcription factor Nrf2—could not be replicated in this bovine liver cell
line. Extrapolating these findings to the bovine organism suggests that ER stress may not
play a central role in the development of fatty liver in dairy cows. However, our data
provide indications that ER stress might contribute to the establishment of a pro-oxidant
and pro-inflammatory state during early lactation in dairy cattle.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/dairy6060064 /s1, Table S1: Characteristics of gene-specific primers
used for qPCR analysis; Table S2: The FC and p-value of all differentially expressed transcripts
between TM vs. DMSO (Filter settings: p < 0.05; FC > 2 or FC < —2); Table S3: The FC and p-value
of all differentially expressed transcripts between TG vs. DMSO (Filter settings: p < 0.05; FC > 2 or
FC < -2).
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