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Abstract 

Klebsiella pneumoniae, an important cause of bovine mastitis worldwide, is strongly pathogenic to bovine mammary 
epithelial cells (bMECs). Our objective was to determine the role of mitochondrial damage in the pathogenicity of K. 
pneumoniae on bMECs, by assessing several classical indicators of mitochondrial dysfunction, as well as differentially 
expressed genes (DEGs). Two K. pneumoniae strains (HLJ-D2 and HB-AF5), isolated from cows with clinical masti-
tis (CM), were used to infect bMECs (MAC-T line) cultured in vitro. In whole-transcriptome analysis of bMECs at 6 h 
post-infection (hpi), there were 3453 up-regulated and 3470 down-regulated genes for HLJ-D2, whereas for HB-AF5, 
there were 2891 up-regulated and 3278 down-regulated genes (P < 0.05). Based on GO term enrichment of differ-
entially expressed genes (DEGs), relative to the controls, the primary categories altered in K. pneumoniae-infected 
bMECs included cellular macromolecule metabolism, metabolic process, binding, molecular function, etc. Infections 
increased (P < 0.05) malondialdehyde concentrations and formation of reactive oxygen species in bMECs. Additionally, 
both bacterial strains decreased (P < 0.05) total antioxidant capacity in bMECs at 6 and 12 hpi. Furthermore, infections 
decreased (P < 0.05) mitochondrial membrane potential and increased (P < 0.01) mitochondrial calcium concentra-
tions. Finally, severe mitochondrial swelling and vacuolation, as well as mitochondrial rupture and cristae degenera-
tion, were detected in infected bMECs. In conclusion, K. pneumoniae infections induced profound mitochondrial 
damage and dysfunction in bMECs; we inferred that this caused cellular damage and contributes to the pathogenesis 
of K. pneumoniae-induced CM in dairy cows.
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Introduction
Bovine mastitis caused by pathogenic microorganisms is 
an important economic threat to the dairy industry [1]. 
Klebsiella pneumoniae, a major pathogen causing clinical 
mastitis (CM), induces a strong immune response, alter-
ing milk quality and causing inflammatory changes in the 
udder [2–4]. Furthermore, CM caused by K. pneumoniae 

is usually more severe than CM due to E. coli [3]. Sub-
stantial damage of mammary tissue, specifically epithelial 
cells, occurs in CM caused by Klebsiella [5, 6].

Mitochondria are intracellular organelles with multi-
ple features due to their bacterial ancestry [7]. In addi-
tion to being a cell’s energy powerhouse, they are also a 
reservoir for cellular  Ca2+, which is crucial for cell life 
and death [8]. Furthermore, mitochondria have a role in 
the innate immune system by harboring innate sensors 
that can detect bacteria and trigger immune activation, 
making them an attractive target for pathogens [9, 10]. 
Indeed, during co-evolution of pathogens and hosts, the 
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former have developed strategies to manipulate cellular 
machinery, particularly subverting mitochondrial func-
tion [11] and commonly causing damage to these orga-
nelles. Mitochondrial damage is usually characterized by 
increases in calcium and reactive oxygen species (ROS), 
a decrease in mitochondrial membrane potential (MMP), 
and morphological damage [12, 13]. In addition, a lower 
MMP and decreased activity of the respiratory chain with 
a simultaneous increase in ROS production, can lead to 
mitochondrial dysfunction [14].

In our previous study, K. pneumoniae isolated from 
bovine mastitis caused apoptosis and pro-inflammatory 
responses of bMECs cultured in  vitro [15]. K. pneumo-
niae isolates adhered to and invaded bMECs, causing 
ultrastructural damage, including swollen mitochondria 
and vesicle formation on the cell surface. In addition, in 
infected bMECs, there were increases in transcriptional 
expression of interleukin-1β (IL-1β), interleukin-6 (IL-6), 
interleukin-8 (IL-8) and tumor necrosis factor-α (TNF-
α) genes and production of IL-1β, IL-8 and TNF-α [15]. 
However, whether mitochondrial damage has a critical 
role in pathogenicity of K. pneumoniae on bMECs has 
not been well established. Therefore, our objective was 
to determine the role of mitochondrial damage in the 
pathogenicity of K. pneumoniae on bMECs by assessing 
several classical indicators of mitochondrial dysfunction, 
as well as differentially expressed genes (DEGs).

Materials and methods
Klebsiella pneumoniae strains
Two K. pneumoniae strains (HB-AF5 and HLJ-D2) iso-
lated from cows with CM were used. Both of these 
strains belong to the K57 capsule serotype and have entB, 
ybtS, iutA, and mrkD genes. However, HLJ-D2 is a hyper-
mucoviscous (HMV) strain, whereas HB-AF5 is a non-
HMV strain [15, 16]. In our previous study, these two K. 
pneumoniae strains were cytopathogenic on bMECs and 
induced pro-inflammatory responses [15].

Cultured bovine mammary epithelial cells (bMECs)
A line of bMECs (MAC-T; Shanghai Jingma Biological 
Technology Co., Ltd., Shanghai, China) was cultured in 
cell culture plates (Corning Inc., Corning, NY, USA) in 
Dulbecco’s modification of Eagle’s medium (DMEM) 
with high glucose (Hyclone Laboratories, Logan City, 
UT, USA), supplemented with 10% heat-inactivated fetal 
bovine serum (FBS; Gibco, Grand Island, NY, USA) at 
37 °C with 5%  CO2. In all experiments, cells were allowed 
to grow and adhere for 24 h in culture medium prior to 
being infected with K. pneumoniae. At 70 to 80% con-
fluence, bMECs were seeded in 6- or 96-well plates and 
incubated in 5%  CO2 at 37  °C. Once bMECs reached 
80 to 90% confluence, they were challenged with K. 

pneumoniae (three wells with bMECs + HB-AF5 and 
three wells with bMECs + HLJ-D2), whereas control cells 
were cultured only with culture medium (three wells with 
only bMECs).

Cell infections
Before infection, bMECs in a well were stained with 0.4% 
trypan blue (Beyotime Biotechnology, Beijing, China) 
and enumerated with a cell counter. The K. pneumoniae 
cultures were centrifuged for 15  min at 6000  g, washed 
once in sterile Phosphate Buffered Saline (PBS, Beijing 
Solarbio Science & Technology Co., Ltd., Beijing, China) 
at pH 7.2, and re-suspended in DMEM, with concen-
trations adjusted to achieve multiplicity of infection 
(MOI) = 5. The MOI was defined as the ratio of added K. 
pneumoniae to bMECs.

RNA isolation
At 6 hpi, bMECs (plus non-infected controls) were col-
lected and used for RNA sequencing analyses. Briefly, 
bMECs were washed with PBS and harvested with 1 mL 
of Trizol to extract total RNA, according to the manu-
facturer’s protocol (TransGen Biotech Co., Ltd, Beijing, 
China). Total RNA yield and purity were determined by 
absorbance at 260 and 280 nm, using a NanoDrop-2000 
spectrophotometer (Thermo Fisher Scientific Inc., 
Waltham, MA, USA).

RNA sequencing
For RNA sequencing, 2  µg of RNA per sample was 
used. Sequencing libraries were generated using NEB-
Next UltraTM RNA Library Prep Kit for Illumina (NEB, 
Ipswich, MA, USA) following manufacturer’s recommen-
dations, with index codes added to attribute sequences to 
each sample. Clustering of the index-coded samples was 
performed on a cBot Cluster Generation System using 
TruSeq PE Cluster Kit v4-cBot-HS (Illumina, San Diego, 
CA, USA), according to the manufacturer’s instruc-
tions. After cluster generation, the library preparations 
were sequenced on an Illumina Hiseq 4000 platform and 
paired-end 150  bp reads were generated. Differential 
expression analysis of the two infected groups (HB-AF5 
and HLJ-D2) and the control group was performed using 
the DESeq R package (Version 1.10.1), which provides 
statistical routines for determining differential expres-
sion in digital gene expression data, using a model based 
on the negative binomial distribution. The resulting P 
values were adjusted using Benjamini and Hochberg’s 
approach [17] for controlling the false discovery rate. 
Genes with an adjusted P-value < 0.05, as detected by 
DESeq, were designated as being differentially expressed. 
Gene Ontology (GO) enrichment analysis of differen-
tially expressed genes (DEGs) was implemented by the 
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GOseq R package-based Wallenius non-central hyper-
geometric distribution [18] that adjusts for gene length 
bias in DEGs. MapMan software was used to analyze 
differential expression in metabolic pathways [19]. Heat 
maps were generated using the gplots package in R [20]. 
To identify genes that were significantly up- or down-reg-
ulated in infected bMECs compared to the correspond-
ing non-infected control, DeSeq2 was used to generate 
 log2 fold change values for each gene. Volcano plots were 
used to provide a global view of distribution of DEGs in 
each group. In addition, to characterize the functions and 
pathways of genes obtained from RNA-Seq, functional 
annotation and classification were performed by compar-
ing sequences with Gene Ontology (GO) databases [21].

Malondialdehyde (MDA) and total antioxidant capacity 
(T‑AOC)
To determine effects of K. pneumoniae on the antioxidant 
status of bMECs, malondialdehyde (MDA) concentra-
tions and total antioxidant capacity (T-AOC) in super-
natant fluid of cultured bMECs were determined using 
commercial kits, in accordance with the manufacturer’s 
instructions (Nanjing Jiancheng Technology Co. Ltd., 
Nanjing, China). The bMECs were cultured in six-well 
plates and challenged with HB-AF5 or HLJ-D2 K. pneu-
moniae (MOI = 5), with sampling after 1, 3, 6 and 12 h. 
Noninfected cells were similarly incubated as a control 
and sampled concurrent with infected bMECs.

Concentrations of MDA were determined using the 
thiobarbituric acid (TBA) method. The MDA detect-
ing liquid (containing TBA) was prepared according to 
the manufacturer’s instructions. After infection with 
HB-AF5 and HLJ-D2 K. pneumoniae, 200 µL of bMECs 
supernatant was collected from each well, put into centri-
fuge tubes and centrifuged (8000 × g, 5 min). After cen-
trifugation, 100 µL of supernatant was collected, 200 µL 
MDA detecting liquid added and the resulting solution 
thoroughly mixed. The tube was placed in boiling water 
for 15 min, then cooled to room temperature and centri-
fuged (1000 × g, 10  min). The supernatant was assessed 
at 532 nm (680 Multipurpose Microplate Reader, Biorad, 
Hercules, CA, USA). Assay results were normalized to 
the protein concentration in each sample and expressed 
as nmol/mg protein.

The T-AOC was determined using the 2, 2′-azino-bis 
(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) method, 
using commercial kits. The ABTS detecting liquid and a 
standard curve were prepared according to the manufac-
turer’s instructions. At 1, 3, 6 and 12 hpi with HB-AF5 or 
HLJ-D2 K. pneumoniae (MOI = 5), bMECs were scraped 
off, washed with PBS three times, put into 200 µL cold 
PBS and ultrasound homogenization was done to dis-
rupt cells and release antioxidants. After centrifugation 

(12 000 × g, 5 min, ~4 °C), 10 µL of supernatant was put 
into the wells of a 96-well plate, 200 µL ABTS detecting 
liquid added and after 5 min, absorbance was measured 
at 405 nm (680 Multipurpose Microplate Reader, Biorad).

Reactive oxygen species (ROS)
Generation of ROS was monitored with a Reactive 
Oxygen Species Assay Kit (Beyotime Institute of Bio-
technology, Shanghai, China) using a 2′, 7′-Dichloro-
dihydrofluorescein diacetate (DCFH-DA) fluorescent 
probe. DCFH-DA changes into fluorescent dichloro-
fluorescein (DCF) when intracellular DCFH reacts with 
ROS. Cultured bMECs in six-well plates were challenged 
with HB-AF5 or HLJ-D2 K. pneumoniae (MOI = 5). 
Noninfected cells were similarly incubated as a control. 
At 1, 3, 6 and 12 hpi, bMECs were washed with PBS and 
stained with DCFH-DA. According to the instructions, 
the DCFH-DA was diluted to 10  μM in fresh DMEM 
medium and incubated with bMECs for 30 min at 37 °C 
in the dark. As a positive control, untreated bMECs were 
incubated with rosup (50  µg/µL) for 30  min and then 
stained with DCFH-DA, whereas for a negative con-
trol, untreated bMECs were stained with DCFH-DA. 
Within 1  h, DCFH-DA fluorescence was detected with 
an inverted fluorescence microscope at 488  nm excita-
tion and 525 nm emission using a laser scanning confocal 
microscope (Olympus FV1200, Olympus Corporation, 
Tokyo, Japan).

Mitochondrial membrane potential (MMP)
A fluorescent carbocyanine dye JC-I assay kit (Beyotime 
Institute of Biotechnology, Shanghai, China) was used 
to determine MMP. Cultured bMECs in six-well plates 
were challenged with HB-AF5 or HLJ-D2 K. pneumoniae 
(MOI = 5), with noninfected cells similarly incubated as 
a control. At 1, 3, 6 and 12 hpi, bMECs were washed and 
re-suspended in PBS. Then, 0.5  mL of JC-I PBS buffer 
solution (10 µg/mL) was added to the suspension, which 
was kept in darkness at 37 °C for 30 min. After washing 
to remove excess probe, MMP was measured using flow 
cytometry (Becton Dickinson, Bergen City, NJ, USA) and 
presented as a relative ratio.

Cytoplasmic calcium concentration
Cytoplasmic calcium concentrations in bMECs were 
determined with a fluo-3 assay kit (Beyotime Institute 
of Biotechnology, Shanghai, China). Cultured bMECs 
in six-well plates were challenged with HB-AF5 or HLJ-
D2 K. pneumoniae (MOI = 5), with noninfected cells 
similarly incubated as a control. At 1, 3, 6 and 12 hpi, 
bMECs were washed three times in PBS, detached with 
Trypsin–EDTA solution and re-suspended in DMEM 
(with 10% FBS). Then, bMECs were centrifuged at 
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room temperature for 10  min at 1000 × g, washed with 
 Ca2+-free Krebs Solution (with 4  mM EGTA in lieu 
of  CaCl2) and stained with fluo-3 (final concentration, 
10  μM) and incubated at 37  °C for 30  min in the dark. 
Fluorescence of the cell suspensions was analyzed with 
flow cytometry (BD FacsCalibur flow cytometer, Becton 
Dickinson) and  Ca2+ concentration expressed as mean 
fluorescence of fluo-3.

Mitochondrial calcium concentration
Cultured bMECs in six-well plates were challenged with 
HB-AF5 or HLJ-D2 K. pneumoniae (MOI = 5), with non-
infected cells similarly incubated as a control. At 1, 3, 6 
and 12 hpi, bMECs were washed with PBS, detached with 
trypsin–EDTA solution and centrifuged at room tem-
perature for 10 min at 1000 × g. Mitochondria were iso-
lated from harvested cells using a mitochondria/cytosol 
Fractionation Kit (Beyotime Institute of Biotechnology, 
Shanghai, China). Calcium concentration in mitochon-
drial cytoplasm was determined with the calcium sensi-
tive dye fluo-3; it was dissolved in dimethylsulfoxide to 
give a stock solution of 1 mg/mL and stored at -20 °C in 
the dark.

Transmission electron microscopy
Cultured bMECs in six-well plates were challenged with 
HB-AF5 or HLJ-D2 K. pneumoniae (MOI = 5), with non-
infected bMECs similarly incubated as a control. At 6 
hpi, bMECs were washed with PBS (pH 7.2), fixed with 
2% glutaraldehyde and 1% paraformaldehyde (pH 7.2; 
Sinopharm Chemical Reagent Co., Shanghai, China) for 
45 min at room temperature and processed for TEM [15]. 
After washing with PBS, the fixed cells were harvested 
with a rubber scraper (Thermo Fisher Scientific). Then, 
cells were dehydrated using graded ethanol and acetone 
(three changes, 10 min each) and sequentially embedded 
in epoxy resin acetone mixtures (2:1) for 2 h and then in 
pure resin overnight at 37  °C. After resin had polymer-
ized, ultra-thin sections were cut (Leica EM, Wetzlar, 
Germany), stained with 1% uranyl acetate followed by 
lead citrate, and viewed with a transmission electron 
microscope (Hitachi H-7650) at 80 kV. Imaging was per-
formed using a 4 k CCD camera (Gatan Inc., Pleasanton, 
CA, USA) and iTEM software.

Statistical analyses
For assessment of MDA, T-AOC, ROS, MMP, cytoplas-
mic and mitochondrial  Ca2+ concentrations, results were 
obtained from three independent experiments. Two-way 
ANOVA was used to determine effects of group and time, 
and their interaction, and Duncan’s multiple range test 
used to locate significant differences. A paired Student’s 
t-test with a 95% confidence interval was used to make 

contemporaneous comparisons between HLJ-D2 versus 
HB-AF5 groups. All statistical analyses were done with 
Statistical Product and Service Solutions 20.0 software 
(SPSS, Inc., Chicago, IL, USA) and P < 0.05 was consid-
ered significant. Results are expressed as mean ± stand-
ard deviation (SD). Data were displayed with Graphpad 
Prism V6.0 (Data Analysis and Graphing Software, San 
Diego, CA, USA). Data designated as independent vari-
ables in the model were as follows: treatments (time 
points or by isolates with HLJ-D2 or HB-AF5) in the 
MDA, T-AOC, ROS measurement assays, MMP assays, 
and cytoplasmic and mitochondrial  Ca2+ concentration 
assays.

Results
K. pneumoniae up‑ or down‑regulated DEGs associated 
with mitochondrial damage in bMECs
GO enrichment analysis of DEGs
A total of 6923 and 6169 genes were differentially 
expressed with fold-change ≥ 2 or ≤ 0.5 (P-value < 0.05) 
after infection with HLJ-D2 or HB-AF5 K. pneumoniae 
(Figure 1A, B). The HLJ-D2 strain caused more changes 
at the transcriptional level in bMECs. There were 3453 
genes up-regulated and 3470 down-regulated for the 
HLJ-D2 strain, whereas for the HB-AF5 strain, only 
2891 genes were up-regulated and 3278 down-regulated. 
Based on cluster pattern analysis, DEGs from K. pneu-
monia-treated groups (HLJ-D2 and HB-AF5) had higher 
differential expression patterns compared to the control 
(Figure 1C).

Metabolic pathways
In comparison to the control group, the top three 
enriched functional terms were cellular macromolecule 
metabolism, binding and molecular function in bMECs 
incubated with HB-AF5, whereas for HLJ-D2, they 
were primary metabolic process, binding and molecular 
function (Figure  2). Compared to the control, the most 
common up-regulated DEGs in bMECs after HLJ-D2 
infection were associated with DNA (22), ADP (20), mito-
chondria (16) and interleukin (13), whereas mitochondria 
(100) and DNA (33) were also frequently detected as 
down-regulated DEGs (Figure  3A). For bMECs infected 
with the HB-AF5 strain, the most common up-regulated 
DEGs were DNA (21), ADP (17) and interleukin (12), 
whereas the most frequently down-regulated DEGs were 
mitochondria (88) and DNA (11) (Figure 3B).

K. pneumoniae induced oxidative damage in bMECs
Compared to control, the MDA concentration in 
bMECs incubated with K. pneumoniae was not 
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significantly different at 1 hpi, but was higher at 3, 6 
and 12 hpi (P < 0.05). However, there was no significant 
difference between the two strains for MDA concen-
trations (Figure  4A). Furthermore, compared to non-
infected cells at 0 h, T-AOC concentrations in infected 
groups were not significantly different at 1 hpi, but 
lower than the control at 3, 6 and 12 hpi (P < 0.05), with 
no significant difference between the two strains (Fig-
ure  4B). Production of ROS in bMECs incubated with 
K. pneumoniae increased at 3, 6 and 12 hpi (P < 0.05; 
Figure 4D).

K. pneumoniae decreased MMP in bMECs
The ratio of MMP between the infection groups and 
control was calculated to determine MMP changes in 
bMECs. Compared to control, MMP was lower at 1, 3, 
6 and 12 hpi (P < 0.05) in bMECs incubated with either 
K. pneumoniae strain (Figure  5). In addition, at 3 and 
12 hpi, MMP was lower (P < 0.05) in bMECs infected 
with HLJ-D2 versus those infected with HB-AF5.

K. pneumoniae increased cytoplasmic and mitochondrial 
calcium concentrations
Compared to the control, cytoplasmic calcium concen-
trations in bMECs were generally higher after incubation 
with strains HLJ-D2 or HB-AF5 (P < 0.05), with differ-
ences between the two K. pneumoniae infection groups 
(P < 0.05), except for 12 hpi (Figure  6A). Meanwhile, 
there were huge increases in mitochondrial calcium 
concentrations in bMECs at 1, 3, 6 and 12 hpi, in both 
infection groups (Figure 6A). In addition, mitochondrial 
calcium concentrations were higher (P < 0.01) in bMECs 
infected with HLJ-D2 compared to HB-AF5 at 1 and 3 
hpi, whereas at 6 and 12 hpi, mitochondrial calcium con-
centrations were higher (P < 0.01) in bMECs infected with 
HB-AF5 compared to HLJ-D2.

Mitochondrial morphology of bMECs
When viewed with TEM, mitochondria of non-infected 
bMECs had a normal structure, whereas bMECs infected 
with K. pneumoniae had apparent mitochondrial swelling 

Figure 1 Transcriptome analysis of differential expression genes (DEGs) in K. pneumoniae‑infected bovine mammary epithelial cells 
(bMECs). A Venn diagrams showed the total number of up- and down-regulated DEGs in bMECs infected with K. pneumoniae (strain HLJ-D2 or 
HB-AF5) compared to non-infected bMECs at 6 hpi. B Volcano plots showed the DEGs in bMECs induced by infection with Klebsiella pneumoniae 
(strain HLJ-D2 or HB-AF5) compared to non-infected bMECs at 6 hpi, as analyzed by the DESeq R package. Each point represents one gene. C 
Cluster analysis of DEGs in bMECs infected with Klebsiella pneumoniae (strain HLJ-D2 or HB-AF5) compared to non-infected bMECs at 6 hpi.
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(Figure  7). At 6 hpi, both strains had caused mitochon-
dria to rupture and cristae to degenerate, followed by 
severe mitochondrial swelling and vacuolation, with 
damaged mitochondria becoming increasingly round. 
The mitochondrial matrix was compressed and dense, 
and the ridge was shortened, decreased or even disap-
peared. Additionally, matrix particles had disappeared 
and the matrix became lighter, whereas the gap in the 

mitochondrial ridge was wider and cavities of various 
sizes had formed.

Discussion
In a previous study, we demonstrated that K. pneumo-
niae was cytopathogenic to bovine mammary epithelial 
cells, inducing cell damage and apoptosis [15]. Mito-
chondrial damage has an important role in many kinds 

Figure 2 Enriched GO terms in K. pneumoniae‑infected bovine mammary epithelial cells (bMECs). A Enriched GO terms in HLJ-D2 Klebsiella 
pneumoniae-infected bMECs versus non-infected bMECs at 6 hpi. B Enriched GO terms in HB-AF5 Klebsiella pneumoniae-infected bMECs versus 
non-infected bMECs at 6 hpi. C Enriched GO terms in HLJ-D2 Klebsiella pneumoniae-infected bMECs versus HB-AF5 Klebsiella pneumoniae-infected 
bMECs at 6 hpi.

Figure 3 Differentially expressed genes (DEGs) in K. pneumoniae-infected bovine mammary epithelial cells (bMECs). A Number of DEGs 
related to ADP, apoptosis (AP), autophagy (AT), DNA, endoplasmic reticulum (ER), interleukin (IL), oxidative stress (OS) and mitochondria (MC) 
in bMECs infected by HLJ-D2 K. pneumoniae. B Number of DEGs related to ADP, AP, AT, DNA, ER, IL, OS, and MC in bMECs infected by HB-AF5 K. 
pneumoniae. 



Page 7 of 12Cheng et al. Vet Res           (2021) 52:17  

of cellular damage, particularly in apoptosis [22, 23]. In 
the present study, there were alterations in MMP, oxida-
tive stress, and  Ca2+ concentrations, all known markers 
of mitochondrial function or damage, consistent with 
a previous study that determined that cell damage was 
induced by stimulating mitochondrial dysfunction and 
calcium dysregulation [24]. Furthermore, substantial 
morphological damage to mitochondria was confirmed 
with TEM. Therefore, the present findings provided 
further evidence that mitochondria may have a key role 
in damaging bMECs after K. pneumoniae infection. We 
inferred that cellular and molecular changes, including 
oxidative stress, dysregulation of  Ca2+ and decreased 
MMP, were indicators of mitochondrial dysfunction 

and were involved in damage in bMECs caused by K. 
pneumoniae infection.

Transcriptome analysis, including GO enrichment 
analysis and pathway enrichment analysis, was done as 
a systemic screening of up or down-regulated genes in 
bMECs after infection with two strains of K. pneumo-
niae. Whole transcriptome analysis has been used to 
explore DEGs that may be involved in particular bio-
logical processes in bMECs infected by K. pneumoniae 
[25, 26]. In the present study, DEGs associated with 
mitochondria were the most common DEGs enriched 
in bMECs after infection with K. pneumoniae, indicat-
ing that K. pneumoniae had appreciable impacts on 
mitochondrial functions. Among DEGs associated with 

Figure 4 Effects of Klebsiella pneumoniae on oxidative response in bovine mammary epithelial cells (bMECs). bMECs incubated 
with Klebsiella pneumoniae (strain HLJ-D2 and HB-AF5) for 0, 1, 3, 6 and 12 h were collected for assessment of malondialdehyde (MDA) (A), 
total antioxidant capacity (T-AOC) (B) and ROS concentrations (C). C Concentrations of ROS were assessed using fluorescence microscopy. D 
Concentrations of ROS were quantified with Image J software. Data are mean ± SD of three independent experiments. Statistical significance 
indicated by: ∗ P < 0.05, ∗  ∗ P < 0.01 for comparisons of HLJ-D2 and HB-AF5 to the control group, and #P < 0.05, ##P < 0.01 for comparisons between 
HLJ-D2 and HB-AF5 at the same time point.
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ADP, apoptosis, autophagy, DNA, endoplasmic reticu-
lum, interleukin, oxidative stress and mitochondria, 
changes were greatest in mitochondrial DEGs.

Under various pathological conditions, mitochondria 
often undergo several morphological changes, includ-
ing swelling, hyperplasia, hypertrophy and increased 
density of the mitochondrial matrix [27]. In this study, 
there was severe mitochondrial swelling and vacuola-
tion, as well as mitochondrial rupture and degenerate 
cristae after K. pneumoniae infection, consistent with 
a previous study [28] and providing morphological evi-
dence of mitochondrial damage.

Mitochondria are major sources of cellular ROS and 
key players in oxidative stress, as they are major regula-
tors of cellular energy metabolism [29–31]. When ROS 
exceed antioxidant capacity of cells, total antioxida-
tive capacity decreases and MDA formation increases, 
which can accelerate mitochondrial damage [29, 32]. 
Consistent with a previous study on Prototheca zop-
fii [33], ROS formation increased significantly after K. 
pneumoniae infection, manifested as increased MDA 
and decreased T-AOC. Therefore, we concluded that 
K. pneumoniae provoked ROS production and oxi-
dative stress generation in bMECs. It was suggested 
that bovine mastitis caused oxidative stress of mam-
mary tissue, manifested as increases in ROS, MDA and 

decreased T-AOC, resulting in mitochondria-mediated 
apoptosis and inflammation [33, 34].

The significant decrease in MMP at 1, 3, 6 and 12 hpi 
indicated that K. pneumoniae rapidly and profoundly 
suppressed MMP. It is noteworthy that MMP is reflec-
tive of the functional metabolic status of mitochondria, 
and a normal MMP is a prerequisite for maintaining 
mitochondrial metabolism [35]. Therefore, it arguably is 
a reliable indicator of mitochondrial function. A change 
in mitochondrial membrane potential can reflect the per-
meability of mitochondrial inner membrane, an indicator 
of mitochondrial function and damage. Furthermore, a 
decreased mitochondrial inner membrane potential can 
induce apoptosis [27]. Perhaps the reduction in MMP 
was due to a primary effect of an unknown Klebsiella vir-
ulence factor.

It is well established that  Ca2+ has a fundamental 
role in several cellular functions, regulating or induc-
ing many processes, including proliferation, differen-
tiation, secretion, metabolism, cell death and survival, 
migration, and gene expression [36]. In this study, 
infection with K. pneumoniae increased (P < 0.05)  Ca2+ 
concentrations in mitochondria of bMECs compared to 
 Ca2+ concentrations in mitochondria of non-infected 
bMECs. Therefore, we concluded that K. pneumo-
niae stimulated excessive calcium transfer in bMECs. 

Figure 5 Effects of Klebsiella pneumoniae on mitochondrial membrane potential (MMP) in bovine mammary epithelial cells (bMECs). 
bMECs incubated with Klebsiella pneumoniae (strain HLJ-D2 or HB-AF5) for 0, 1, 3, 6 and 12 h were collected for assessment of mitochondrial 
membrane potential (MMP) using JC-1 staining. Data are mean ± SD of three independent experiments. FITC: Green light channel, PE: red light 
channel. Statistical significance indicated by: ∗ P < 0.05, ∗  ∗ P < 0.01 for comparisons of HLJ-D2 and HB-AF5 to the control group, and #P < 0.05, 
##P < 0.01 for comparisons between HLJ-D2 and HB-AF5 at the same timepoint.
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Excessive cytoplasmic calcium concentrations caused 
calcium overload in mitochondria, as mitochondria are 
cytosolic  Ca2+ buffers [37]. Our results were consistent 
with a previous study that disruption of  Ca2+ homeo-
stasis or mitochondrial signaling leads to cell dam-
age [38]. For cytoplasmic  Ca2+, there was a significant 
decrease at 3 hpi with HLJ-D2, whereas a significant 
decrease occurred at 6 hpi with HB-AF5. Subsequently, 
cytoplasmic  Ca2+ concentrations increased signifi-
cantly for both HLJ-D2 and HB-AF5 infected bMECs. 

Dysregulated  Ca2+ release from intracellular reser-
voirs, combined with an influx from the extracellu-
lar domain, cause a sustained increase in intracellular 
 Ca2+ over time [24]. Perhaps K. pneumoniae infection 
increased membrane permeability in bMECs, leading to 
a decrease in the  Ca2+ exchange in the cytoplasm and 
therefore, a temporary decrease of  Ca2+ in the cyto-
plasm. Cytoplasmic  Ca2+ concentrations are a dynamic 
system in determining both cell survival and death 
[37]. A further investigation of the exact mechanisms 

Figure 6 Effects of Klebsiella pneumoniae on calcium concentrations of bovine mammary epithelial cells (bMECs). bMECs incubated 
with Klebsiella pneumoniae (strain HLJ-D2 or HB-AF5) for 0, 1, 3, 6 and 12 h were collected for assessment of cytoplasmic A and mitochondrial 
B calcium concentrations using fluo-3 staining. Data are mean ± SD of three independent experiments. Statistical significance indicated 
by: ∗ P < 0.05, ∗  ∗ P < 0.01 for the comparison of HLJ-D2 and HB-AF5 to the control group, and #P < 0.05, ##P < 0.01 for the comparison between 
HLJ-D2 and HB-AF5 at the same timepoint.
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explaining how K. pneumoniae contributes to the dys-
regulation of  Ca2+ homeostasis is warranted.

The two K. pneumoniae strains (non-HMV and HMV) 
were also used in our previous study [15]. Compared 
to the non-HMV strain (HB-AF5), the HMV strain 
(HLJ-D2) had more up- or down-regulated DEGs, and 
a significantly greater effect on mitochondrial calcium 
concentrations. However, the non-HMV strain caused 
a bigger change in MMP. Therefore, we assumed that 
there were differences among K. pneumoniae strains in 
their ability to damage mitochondria. However, the HMV 
phenotype of K. pneumoniae did not have a key role in 
causing mitochondrial damage. We emphasize that the 
results of our in vitro study cannot be generalized to rep-
resent in vivo pathology induced by K. pneumoniae in the 
bovine udder.

There were many DEGs associated with mitochondria 
in bMECs after infection with K. pneumoniae. Further-
more, K. pneumoniae infection significantly decreased 
MMP and increased ROS generation, whereas 

cytoplasmic and mitochondrial  Ca2+ in bMECs were 
significantly increased. Therefore, based on multiple 
end points, K. pneumoniae  induced profound mito-
chondrial damage and dysfunction in bMECs. Fur-
thermore, we inferred that this contributed to the 
pathogenicity of cellular damage in CM in dairy cows 
induced by K. pneumoniae.
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