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A B S T R A C T

Endothelial-to-mesenchymal transition (EndMT) plays an important role in the progression of cardiac fibrosis
but its mechanism and treatment need to be further understood. Herein, we have found that mitochondrial
unfolded protein response (mtUPR) played a critical role in transforming growth factor beta 1 (TGF-β1)-induced
EndMT in endothelial cells (ECs). MtUPR was repressed in endothelial cells after exposure to TGF-β1.
NAD+precursor nicotinamide riboside (NR) could attenuate TGF-β1-induced EndMT and improve the levels of
mtUPR. Significantly, prohibitin proteins (PHB and PHB2) was also regulated by nicotinamide riboside.
Moreover, we found that inhibition of prohibitin proteins could prevent the protective effect of nicotinamide
riboside on mtUPR and TGF-β1-induced EndMT. Overexpression of prohibitin proteins could alleviate mi-
tochondrial function and TGF-β1-induced EndMT through improving mtUPR. In vivo, The EndMT of ECs in-
duced by Transverse aortic constriction (TAC) in mouse was inhibited by NR. In conclusion, our results indicate
that nicotinamide riboside improved the expression of prohibitin proteins to ameliorate EndMT via promotion of
mtUPR. Nicotinamide riboside is a potential therapeutic target for cardiac fibrosis.

1. Introduction

As a devastating disease, heart failure (HF) is mainly induced by
cardiac fibrosis (CF) and cause worldwide death (Gonzalez et al., 2018).
However, the mechanism of cardiac fibrosis remains unknown. The
main cellular mediator of cardiac CF is considered to be fibroblasts,
until now, little was known for us about the origin of newly formed
fibroblasts (Zeisberg and Kalluri, 2010). It is reported that fibroblast
accumulation originates from epithelial cells due to epithelial-me-
senchymal transition (EMT).

Endothelial cells (ECs) lose specific markers including E-cadherin,
CD31, vWF and so on, obtain a myofibroblast or mesenchymal phe-
notype and express mesenchymal specific markers including Vimentin,
α‐smooth muscle actin (α‐SMA), fibroblast specific protein 1 (FSP-1),
fibronectin and so on that appeared to be characteristic of en-
dothelial–mesenchymal transition (EndMT) (Li et al., 2018). ECs ac-
quired mesenchymal specific markers manifest migratory, invasive, and
organization to cause a striking change in cell morphology that forms
elongated, spindle-shaped cells (Arciniegas et al., 2007; Kitao et al.,

2009). Previous studies reported that EndMT, which could be observed
in various stages of cardiovascular development, is a critical process of
embryonic cardiac development (Hao et al., 2019), but recent studies
have reported that it was a major pathological change in CF and pul-
monary arterial hypertension (Xu et al., 2015a; Hopper et al., 2016).
However, little is known about the signaling mechanisms that induce
endothelial cells to transform into mesenchymal cells. A lot of treat-
ments can cause EndMT such as hypoxia, transforming growth factor-β
(TGF-β), high glucose, inflammation and radiation (Xu et al., 2015b;
Zeisberg et al., 2007). All of pathways can induce the expression of
transcription factors such as Snail, Slug and so on, thereby inducing the
repression of endothelial genes and/or expression of mesenchymal
genes (Gonzalez and Medici, 2014).

As a transcriptional response, mitochondrial unfolded protein re-
sponse (mtUPR) is induced by multiple forms of mitochondrial dys-
function (Schulz and Haynes, 2015). There is a strong evidence that
mitochondrial dysfunction is one of the important hallmarks in orga-
nismal aging diseases (Durieux et al., 2011; Kuilman et al., 2010;
Macedo et al., 2017). Mitochondrial dysfunction can be caused by
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depletion of nicotinamide adenine dinucleotide (NAD+). Previous
studies have verified that mtUPR deficiency is associated with many
age-induced diseases including Parkinson, Alzheimer, hereditary
spastic paraplegia and Friedreich ataxia (De Mena et al., 2009; Hansen
et al., 2002; Guillon et al., 2009). It is regrettable that the role of mtUPR
in EndMT still remains unclear.

NAD+ deficiency is considered as a common contributor to age-
related disease (Gomes et al., 2013). Recent studies have reported that
supplemental NAD+precursors such as nicotinamide riboside (NR),
nicotinamide mononucleotide and niacin can ameliorate a big amount
of age-induced cellular impairments (Zhang et al., 2016; Hosseini et al.,
2019). Nicotinamide adenine dinucleotide also acts a pivotal role in
age-related vascular dysfunction (Csicsar et al., 2019). Many enzymes
expressed abundantly in endothelial cells require to metabolize NAD+

precursors, suggesting that endothelial NAD+ levels are increased
through supplemental NAD+ precursors (Yoshino et al., 2018). There-
fore, we hypothesize that nicotinamide riboside (NR), a NAD+ pre-
cursors, can alleviate TGF-β-induced EndMT to ameliorate cardiac fi-
brosis through regulating mitochondrial unfolded protein response.

The purpose of this paper aims to clarify the role of
NAD+precursor nicotinamide riboside in myocardial fibrosis and to
elucidate the mechanism of mitochondrial unfolded protein response in
this process. Our study illustrates the role of mtUPR in cardiac fibrosis
and demonstrate NAD+precursor nicotinamide riboside is able to at-
tenuate the TGF-β-induced EndMT in cardiac fibrosis. Our research also
provides a new potential therapeutic strategy for myocardial fibrosis.

2. Materials and methods

2.1. Cell culture

Primary human umbilical vein endothelial cells (HUVECs) were
harvested from human umbilical cord veins and cultivated with the
EGM-2 bullet kit (Lonza, Basel, Switzerland) at 37℃ in 5% CO2 in a
humidified atmosphere. Experiments were performed in HUVECs be-
tween passages two and six. Human microvascular endothelial cells
(HMECs) were obtained from Lonza and cultivated in EGM-2 media
with supplements according to previous study (Zhang et al., 2016). ECs
(endothelial cells) were exposed to TGF-β1 (10 ng/ml; Peprotech) in
serum-free medium for 48 h to induced EndMT.

2.2. Animal model and surgery

Transverse aortic constriction (TAC) was performed in male C57BL/
6 wild type mice (6–8 weeks old) under anesthesia intraperitoneally
using pentobarbital sodium (50mg/kg) according to previous study (Li
et al., 2016). Mice were randomly assigned to Sham-operated groups,
TAC groups and TAC+NR groups. Adequacy of anesthesia was

assessed by documenting heart rate and observing muscle twitch and by
tail pinch as well as body temperature. In order to induce aortic ste-
nosis, a trans-sternal thoracotomy was carried out, a 27-gauge de-
sharpened needle was placed along the thoracic aorta, followed by a
tight banding of both aorta through needle with a 7-0 silk thread. The
needle was withdrawn and left a stenosis in the aortic lumen. Sham-
operated mice were performed with the same procedure without aortic
constriction. Mice were fed with pellets containing vehicle or NR
(400mg/kg/day) for 6–8 weeks. Animal studies were approved by the
Animal Care and Use Committee of The Third Affiliated Hospital of
Wenzhou Medical University and all animal experiments were complied
with the ARRIVE guidelines and performed in accordance with the
National Institutes of Health guide for the care and use of Laboratory
animals.

2.3. Immunohistochemistry

Left ventricle (LV) from mice was fixed with 4% phosphate-buffered
formalin. Samples were then paraffin embedded and serial sectioned
with a microtome (4 μM). Immunohistochemistry for PHB, PHB2, CD31
and Vimentin was carried out by using anti-PHB antibody (Proteintech,
10787-1-AP, 1:200, USA), anti-PHB2 antibody (Proteintech, 12295-1-
AP, 1:300, USA), anti-CD31 antibody (Proteintech, 28083-1-AP, 1:500,
USA) and anti-Vimentin antibody (Proteintech, 60330-1-Ig, 1:2000,
USA) overnight at 4℃. Finally, HRP-conjugate secondary antibody
(Santa Cruz Biotechnology, Dallas, TX, USA) were performed to in-
cubate the sections. After counterstaining with hematoxylin, the sec-
tions were observed in microscope.

2.4. Quantitative real-time PCR

Total RNA was extracted from ECs by using TRIzol (Takara, China)
according to manufacturer’s protocol. For mRNA analyzes, the reverse
transcription and RT-PCR reactions were performed respectively by
using a first strand complementary DNA (cDNA) reverse transcription
Kit and SYBR Green/ROX qPCR Master Mix kit according to the man-
ufacturer’s protocols (Takara, Otsu, Japan). The relative mRNA ex-
pression was determined using ΔΔCt method with GAPDH as a re-
ference gene. Table 1 showed all primer sequences.

2.5. Western blotting

Total proteins from ECs were extracted using radio-
immunoprecipitation assay (RIPA) lysis buffer (Thermo Scientific,
Waltham, MA#89,901) supplemented with Protease and Phosphatase
Inhibitor Cocktail (Thermo Scientific #78,447) and quantified by the
bicinchoninic acid (BCA) protein assay kit (Thermo Scientific #23,225).
Then proteins were separated SDS-polyacrylamide gel electrophoresis

Table 1
Primers used for qPCR.

Gene Forward 5’-3’ Reverse 5’-3’

CD31 GCGAGTCATGGCCCGAAGGC GGTGGTGCTGACATCCGCGA
vWF TTGACGGGGAGGTGAATGTG ATGTCTGCTTCAGGACCACG
α-SMA CTATGAGGGCTATGCCTTGCC GCTCAGCCAGTAGTAACGAAGGA
Vimentin GCAAAGATTCCACTTTGCGT GAAATTGCAGGAGGAGATGC
CDH5 AAAGAATCCATTGTGCAAGTCC CGTGTTATCGTGATTATCCGTG
ACTA2 CTCGTGTGCGACAATGGCTC CGTCGCCCACGTAGGAATCT
FSP1 TGATGAGCAACTTGGACAGCAACAG CGTCGGCCCACGTAGGAATCT
HSP10 CTGACAGGTTCAATCTCTCCAC AGGTGGCATTATGCTTCCAG
HSP60 ACAGTCCTTCGCCAGATGAGAC TGGATTAGCCCCTTTGCTGA
LONP1 TATGGAGATGATCAACGTGTCG GACAATCTTGTAGGCCGATTTC
PHB TCGGGAAGGAGTTCACAGAG CAGCCTTTTCCACCACAAAT
PHB2

N-cadherin
CACAGAGCCATCTTCTTCAATC
CAACTTGCCAGAAAACTCCAGG

GGTTGTCAGCTGTGAGATAGAT
ATGAAACCGGGCTATCTGCTC

GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC
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(Beyotime) and electrophoretically transferred to polyvinylidene
fluoride membrane (Millipore). After being blocked with 5% skim milk,
membranes were incubated with primary antibodies for CD31 (Abcam,
ab24590), Vimentin (Abcam, ab92547), E-cadherin (Abcam, ab33168),
α-SMA (Abcam, ab21027), FSP1(Abcam, ab124805), HSP60(Abcam,
ab190828), HSP10(Signalway Antibody, 33405-1), vWF(Abcam,
ab218333), PHB(Abcam, ab224653), PHB2(Proteintech, 12295-1-AP)
and GAPDH (Abcam, ab181602) overnight at 4℃. Next, membranes
were incubated with appropriate secondary antibodies. Proteins were
visualized by using ECL reagents (Thermo).

2.6. Lentivirus transfection

Prohibitin-targeted short hairpin RNAs (shRNAs) were designed
according to previous study (Zhang et al., 2016) and synthesized by
GenePharma, China. The recombinant lentivirus of shPhb1&2 and
control lentivirus (shNC) were synthesized prepared by GenePharma,
China. The LV3-pGLV-H1+Puro plasmids with pcDNA-Phb1&2 or
control oligonucleotides (Lenti-Phb1&2 and Lenti-NC) were designed
according to previous study (Zhang et al., 2016) and synthesized by
GennPharma, China. Briefly, primary HUVECs and HMECs were in-
fected with Lentivirus particle according to the manufacturer’s in-
struction. The expression levels of PHB and PHB2 were determined by
qRT-PCR and Western blotting.

2.7. Immunofluorescence staining

HUVECs were fixed with 4% paraformaldehyde for 20min and
permeabilized with 0.1% Triton‐X100 in phosphate‐buffered saline
(PBS) for 10min. Next, cells were blocked with 5% bovine serum al-
bumin (BSA) for 1 h and then incubated with primary antibody HSP10
(Signalway Antibody, 33405-1,1:250), HSP60(Abcam,
ab190828,1:200), CD31 (Abcam, ab24590,1:200), vWF (Abcam,
ab201336, 1 μg/ml) and Vimentin (Abcam, ab45939, 1 μg/ml) over-
night at 4℃. Subsequently, cells were incubated with appropriate sec-
ondary antibodies (Alexa Fluor® 488‐conjugated goat antirabbit IgG H&
L for vimentin, Alexa Fluor® 647‐conjugated goat anti‐mouse IgG H&L
for CD31 and vWF) at room temperature for 1 h. Immunofluorescence
was visualized using fluorescence microscopy (Olympus BX51).

2.8. Migration assay

Migration assays were performed by using transwell chambers (24-
well transwell plates, Corning, USA). 1× 105++ cells were re-
suspended in the upper chamber with EGM-2 serum-free medium.
Complete culture medium was added in the lower chamber and cells
were incubated for 24 h. Nonmobile cells were removed, the cells below
the membrane were fixed by methanol and then stained with 0.1%
crystal violet for 15min. Five randomly chosen fields were counted for
each well.

2.9. Wound healing assay

About 1×106++ HUVECs were seeded in six-well plates at 37℃
in 5% CO2 in a humidified atmosphere. HUVECs reached an appro-
priate confluence and then wounds were scratched in cell monolayers
by 10 μl plastic pipette tip. Next, HUVECs were incubated in fresh
medium containing 1% FBS, TGF-β1 and NR for 48 h. Photographs were
taken to evaluate the migration of HUVECs.

2.10. NAD+ and NADH quantification

After being treated with TGF-β1 and NR, about 1×106++
HUVECs incubated in six-well plates were lysed with 200 μl of lysis
buffer provided by the NAD+/NADH assay kit (Biovision, k337-100).
NAD+ and NADH concentrations were detected according to the

manufacturer’s instructions. Results were analyzed according to the
standard curve created by using NADH standards from the kit.
NAD+and NADH concentrations of each sample were normalized to
the total cell number.

2.11. Oxygen consumption rates

Oxygen consumption rates (OCR) were detected by using the
Seahorse extracellular flux bioanalyzer (XF96, Seahorse Bioscience Inc.)
according to previous study. 5μM of FCCP was used to uncouple mi-
tochondria after a basal respiration. All measurements were carried out
in triplicates and at least three times. Results were normalized to total
cell number.

2.12. ATP measurement

HUVECs seeded in the six-well plates were lysed with 200 μl of lysis
buffer provided by ATP Assay Kit (Beyotime, China). After a few min,
lysate containing cells was centrifuged with 12,000 g at 4℃ for 5min
and then supernatant was reserved. ATP of supernatant was measured
according to manufacturer’s instruction. Results were analyzed ac-
cording to the standard curve created by using ATP standards from the
kit.

2.13. Mitochondrial staining

Mitochondrial staining was carried out according to previous de-
scribed (Huang et al., 2019). Briefly, HUVECs were seeded onto cov-
erslips with 0.01% (wt/vol) poly-L-lysine. After the treatment of TGF-
β1, cells were stained with MitoTracker red (Molecular Probes) at 37 °C
for 30min. DAPI was used to stain nuclei. And then, we imaged the
mitochondria with a microscope (Olympus, Japan).

2.14. Statistical analysis

All data displayed as histograms were presented as means ± SD
(standard deviation). All statistical analysis was performed by using
GraphPad Prism software. Comparisons between two groups was ana-
lyzed by Student’s t-test and the statistical significance was showed by P
value of *p < 0.05, **p < 0.01 and ***p < 0.001. For multiple
comparisons, a two-way analysis of variance (ANOVA) was performed
followed by a Tukey post-hoc test. The statistical significance was
showed by P value of nsp ≥ 0.05, *p < 0.05, **p < 0.01 and
***p < 0.001. Other demonstrations are described in each figure le-
gend.

3. Results

3.1. TGF-β1 induces EndMT in primary HUVECs

To evaluate the effect of TGF-β1 on EndMT in primary HUVECs,
primary HUVECs were exposed to TGF-β1 (10 ng/ml) for 48 h. TGF-β1
induced an obvious EndMT alteration that the cellular morphology of
HUVECs was from a polygonal, cobblestone-like shape to a more
spindle-like, fibroblast shape (Fig. 1A). The results of double fluores-
cence staining showed that the expression of the fibroblast marker Vi-
mentin was increased and the EC marker vWF was reduced after the
HUVECs treated with TGV-β1, indicating the HUVECs underwent
EndMT alteration (Fig. 1B). Quantitative real-time PCR (qRT-PCR)
confirmed above observations. The messenger RNA (mRNA) levels of
FSP1, Vimentin, N-cadherin and ACTA2 were increased, and CD31,
CDH5 and vWF were decreased in HUVECs after TGF-β1 treatment
(Fig. 1C and Fig. S1A). The outcomes of Western blotting also verified
these observations. In the presence of TGF-β1, the protein expression of
EC marker CD31 and E-cadherin were reduced and the fibroblast
marker Vimentin and N-cadherin were increased (Fig. 1D and Fig. S1B).
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These results revealed that TGF-β1 induced the EndMT in primary
HUVECs.

3.2. TGF-β1 inhibits mitochondrial unfolded protein response in HUVECs

To investigate the role of mtUPR in TGF-β1-induced EndMT, we
detected the level of mtUPR in HUVECs treated with TGF-β1 by PCR,
Western blotting and immunofluorescence. The results of qRT-PCR
showed that the mtUPR marker HSP10 and HSP60 mRNA were reduced
in the presence of TGF-β1 (Fig. 2A and B). The protein level of mtUPR
marker HSP10 and HSP60 were also reduced in TGF-β1-treated HU-
VECs (Fig. 2C). The results of immunofluorescence verified these

phenomenon (Fig. 2D). To investigate the mitochondrial metabolism in
TGF-β1-treated HUVECs, we measured the oxygen consumption rate
(OCR) and ATP production. The OCR and ATP were reduced in primary
HUVECs treated with TGF-β1 (Fig. 2E and F). The results of Mito-
Tracker Red staining showed that mitochondria located in the periph-
eral cytoskeleton support increased velocities of directional cell mi-
gration after TGF-β1 treatment (Fig. 2G). Above results indicated that
mitochondrial unfolded protein response might involve in TGF-β1-in-
duced EndMT.

Fig. 1. Mitochondrial unfolded protein response is involved in TGF-β1-induced EndMT in cultured primary HUVECs. (A) The shape of primary HUVECs in basal
media or containing TGF-β1 (10 ng/ml) for 48 h. Typical cobblestone morphology of primary HUVECs in control (basal media) versus a fibroblast-like phenotype in
primary HUVECs exposed to TGF-β1. Scale Bar =200 μm. (B) The expression of endothelial cells (ECs) marker vWF (red) and fibroblasts markers Vimentin (green) in
primary HUVECs were detected by immunofluorescence. Scale Bar =50 μm. (C) Relative mRNA expression levels of mesenchymal/myofibroblastic cells markers
FSP1, Vimentin and ACTA2 and ECs markers CD31, CDH5 and vWF were determined by qRT-PCR. (D) The protein expression levels of CD31, E-cadherin and
Vimentin were detected by Western blotting. All Data were presented as mean ± SEM. *p < 0.05, **p < 0.01: and ***p < 0.001 versus corresponding Control
group. All experiments were performed at least three times. HUVECs: human umbilical vein endothelial cells; TGF‐β1: transforming growth factor beta1; α‐SMA:
α‐smooth muscle actin; EndMT: endothelial–mesenchymal transition; FSP1: fibroblastspecific protein‐1; mRNA: messenger RNA; qRT‐PCR: quantitative real‐time
polymerase chain reaction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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3.3. NR treatment can alleviate TGF-β1-induced EndMT by promotion of
mtUPR in HUVECs

To investigate whether promotion of mtUPR can alleviate TGF-β1-
induced EndMT, NAD+ precursor niacinamide ribose (NR) was used to
induce the mitochondrial unfolded protein response in primary
HUVECs. Fig. 3A manifested that the production of NAD+ was in-
creased after treatment of NR. Quantitative real-time PCR (qRT-PCR)
showed the mRNA of HSP60 and HSP10 were increased remarkably
compared with TGF-β1 group (Fig. 3B). Western blotting confirmed
that NR treatment induced an increase protein expression of HSP60 and
HSP10 (Fig. 3D). The mtUPR was significant to maintain mitochondrial
metabolism. Thus, we detected the OCR and ATP production of primary

HUVECs and NR treatment enhanced the OCR and ATP production
(Fig. 3E and F). These results suggested that NAD+ precursor niacina-
mide ribose (NR) improved the mtUPR, OCR and ATP in HUVECs
treated with TGF-β1.

Meanwhile, we analyzed gene expression of EC marker and fibro-
blast marker by qRT-PCT and Western blotting. As was shown in
Fig. 3C, the increased expression of EC marker CD31 and vWF and the
decreased expression of fibroblast marker Vimentin and α-SMA were
observed in TGF-β1 + NR group, indicating that NR treatment was able
to attenuate TGF-β1-induced EndMT. The results of Western blotting
confirmed these observations. The protein expression of EC marker
CD31 was significantly increased and fibroblast marker α-SMA was
significantly decreased compared with levels in the TGF-β1 group

Fig. 2. TGF-β1 inhibits the levels of mtUPR in HUVECs.
(A–B) Relative mRNA expression levels of mtUPR marker HSP10 and HSP60. (C) The protein expression levels of mtUPR marker HSP10 and HSP60 were detected by
Western blotting. (D) The expression of mtUPR marker HSP10 and HSP60 in primary HUVECs were detected by immunofluorescence. Scale Bar =20 μm. (E) Oxygen
consumption rate (OCR) in primary HUVECs cultured in basal media or following exposure to TGF-β1 at 37 °C. Pmole, picomoles. (F) ATP production in primary
HUVECs cultured in basal media versus following exposure to TGF-β1. (G) Representative images of the mitochondrial morphology stained by MitoTracker Red. All
Data were presented as mean ± SEM. *p < 0.05, **p < 0.01: and ***p < 0.001 versus corresponding Control group. All experiments were performed at least
three times.
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(Fig. 3D). These results confirmed that NR treatment could alleviate
TGF-β1-induced EndMT by promoting of mtUPR.

3.4. NR treatment attenuates TGF-β1-induced EndMT in HUVECs through
regulating PHB and PHB2 expression

The studies went before have reported that NR treatment promoted
the mtUPR through prohibitin proteins (PHB and PHB2) (Zhang et al.,
2016). The decreased expression of prohibitin proteins caused the
apoptosis of ECs (Yin et al., 2015). To confirm a possible regulatory of
prohibitin proteins in the NR-alleviated EndMT in ECs, we analyzed the
prohibitin proteins expression in Control, TGF-1β1 and TGF-β1 + NR
group in HUVECs. The quantitative qRT-PCR displayed that the mRNA
of prohibitin proteins including PHB and PHB2 were decreased in TGF-
β1 group and were increased in TGF-β1 + NR group (Fig. 4A). The
protein expression of PHB and PHB2 were deceased in TGF-β1 group

and increased in TGF-β1 + NR group (Fig. 4B). The migration of ECs
was also inhibited, which showed a decrease of TGF-β1-induced
EndMT, however, stand-alone NR treatment had no effect on ECs mi-
gration (Fig. 4C and D). These results revealed that NR treatment might
promote the level of mtUPR and attenuate TGF-β1-induced EndMT
through regulating PHB and PHB2 expression.

To further affirm the regulatory role of prohibitin proteins in
HUVECs, prohibitin proteins were depleted in vitro by an shPhb1&2
lentivirus (PHB and PHB2 act only as a heterozygous protein complex)
(Osman et al., 2009). The effect of shPhb1&2 lentivirus was confirmed
by qRT-PCR (Fig. S1C) and Western blotting (Fig. 5A) and the results
showed that PHB and PHB2 were remarkably knockdown in primary
HUVECs. The alleviation of EndMT in NR-treated ECs were impaired
after transfection of shPhb1&2 lentivirus. QRT-PCR and Western blot-
ting verified this observation. As shown in Figure. S1D, a decreased
mRNA expression of EC marker CD31 and an increased mRNA

Fig. 3. NR treatment can alleviate TGF-β1-induced EndMT by promoting of mtUPR. (A) NAD+concentrations in freshly isolated HUVECs. (B) Relative mRNA
expression for ECs marker genes CD31 and vWF, mesenchymal/myofibroblastic cells marker genes Vimentin, α-SMA were measured by qRT-PCR. (C) Relative mRNA
expression for mtUPR genes HSP60 and HSP10 were detected by qRT-PCR. (D) The protein expression levels of HSP60, HSP10, α-SMA and CD31 were determined by
Western blotting. (E) Oxygen consumption rate (OCR) in primary HUVECs at 37 °C. Pmole, picomoles. (F) ATP production in primary HUVECs. *p < 0.05,
**p < 0.01 and ***p < 0.001 means statistic difference. All experiments were performed at least three times.
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expression of fibroblast marker Vimentin were observed in TGF-β1 +
NR+ shPhb1&2 group (Fig. S1D). A decreased protein expression of EC
marker CD31 and an increased protein expression of fibroblast marker
Vimentin, Snail and Slug were also observed in Fig. 5C and Fig. S1E.
The results of double fluorescence staining showed that expression of
the fibroblast marker α-SMA (green) was decreased and the EC marker
CD31 (red) was increased in HUVECs transfected with shPhb1&2, in-
dicating the protective effect of NR was inhibited due to prohibitin
proteins knockdown (Fig. 5D). These results indicated that inhibition of
prohibitin proteins could block the NR-alleviated EndMT in primary
HUVECs.

In order to explore whether prohibitin proteins regulate mitochon-
drial metabolism through mtUPR, we detected the expression of mtUPR
marker HSP60, HSP10, CHOP, ATF4 and ClpP. As shown in Fig. 5B and
C and Figure S1E, the mRNA expression of mtUPR marker HSP60 and
HSP10 was reduced in TGF-β1 + NR+ shPhb1&2 group. The protein
expression of mtUPR marker HSP60, HSP10, CHOP, ATF4 and ClpP was

also reduced in TGF-β1 + NR+ shPhb1&2 group. OCR and ATP pro-
duction to evaluate mitochondrial metabolism was also reduced in TGF-
β1+NR+ shPhb1&2 group (Fig. 5E and F). These findings revealed
that inhibition of prohibitin proteins could block the NR-induced
mtUPR in primary HUVECs.

3.5. Overexpression of prohibitin proteins can reduce TGF-β1-induced
EndMT in HUVECs

To further certify how prohibitin proteins works in NR-treated ECs,
lentivirus-based Phb1&2 (Lenti-Phb1&2) were transfected into primary
HUVECs. The effect of lentivirus based Phb1&2 on primary HUVECs
were determined by qRT-PCR and Western blotting. The results of qRT-
PCR (Fig.S2A) and Western blotting (Fig. 6A) showed that the expres-
sion of PHB and PHB2 were increased in primary HUVECs. And then,
HUVECs were transfected with Lenti-Phb1&2 before exposure to TGF-
β1. As shown in Figure. S2C and Fig. 6C, overexpression of Phb1&2

Fig. 4. NR treatment attenuates TGF-β1-induced EndMT through regulating PHB and PHB2 expression. (A) Relative mRNA expression for PHB and PHB2 were
measured by qRT-PCR. (B) The protein expression levels of PHB and PHB2 were determined by Western blotting. (C) NR treatment reduced TGF-β1-induced cellular
migration. Scale Bar =50 μm. (D) Wound healing assays in primary HUVECs. Scale Bar =50 μm. *p < 0.05, **p < 0.01 and ***p < 0.001 means statistic
difference. All experiments were performed at least three times.
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could induce an increased expression of EC marker CD31 and a de-
creased expression of fibroblast marker Vimentin TGF-β1+Lenti-Phb1
&2 group on mRNA and protein levels respectively. Meanwhile, we
found that overexpression of Phb1&2 was able to promote the expres-
sion of mtUPR marker, OCR and ATP production in TGF-β1 + Lenti-
Phb1&2 group (Figs. 6B, C, E and F and S2B and 2 D). These results
suggested that overexpression of Phb1&2 could alleviate TGF-β1-in-
duced EndMT through regulating mtUPR in HUVECs.

Sabbineni et al. have reported that TGF-β induces strong EndMT in
human microvascular endothelial cells (HMECs) (Sabbineni et al.,
2018). Therefore, we wanted to investigate the role of prohibitin pro-
teins in TGF-β1-induced EndMT in HMECs. First, lentivirus-based Phb1

&2 (Lenti-Phb1&2) were transfected into primary HMECs. The effect of
lentivirus based Phb1&2 on HMECs were determined by qRT-PCR and
Western blotting. As shown in Fig. 7A and B, the expression of PHB and
PHB2 were increased in HMECs. Upregulation of Phb1&2 could cause
an increased expression of EC marker CD31 and a decreased expression
of fibroblast marker Vimentin in TGF-β1+Lenti-Phb1&2 group on
mRNA and protein levels respectively. Moreover, we observed that
upregulation of Phb1&2 was able to promote the expression of mtUPR
marker in TGF-β1 + Lenti-Phb1&2 group (Fig. 7C and D). These above
results suggested that Upregulation of Phb1&2 could alleviate TGF-β1-
induced EndMT through regulating mtUPR in HMECs.

Fig. 5. Inhibition of prohibitin proteins stops the effect of NR on mtUPR, and TGF-β1 EndMT. Primary HUVECs were treated with shNC, shNC+TGF-β1,
shNC+TGF-β1 + NR and shPhb1&2 + TGF-β1 + NR. (A) Effect of shPhb1&2 or shNC on primary HUVECs were determined by Western blotting. (B) The mRNA
expression of HSP60 and HSP10 were detected by qRT-PCR. (C) The protein expression levels of HSP60, HSP10, CD31 and Vimentin were determined by Western
blotting. (D) The expression of endothelial cells (ECs) marker CD31 (red) and fibroblasts markers α-SMA (green) were detected by immunofluorescence. Scale Bar
=50 μm. (E) ATP production in primary HUVECs. (G) Oxygen consumption rate (OCR) in primary HUVECs at 37 °C. Pmole, picomoles. *p < 0.05, **p < 0.01 and
***p < 0.001 means statistic difference. All experiments were performed at least three times. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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3.6. NR treatment can repress TAC-induced EndMT by regulating prohibitin
proteins expression in vivo

To investigate whether NR treatment can prevent TAC-induced
EndMT, we performed a TAC procedure followed by treatment of NR
from 1 day after TAC. Treatment of NR (400mg/kg/day) for 6–8 weeks
was accordance with previous study (Zhang et al., 2016). We observed
that hearts of mice treated with TAC+NR had remarkably higher le-
vels of CD31 and lower levels of Vimentin compared to TAC-treated
mice (Fig. 8A). The protein expression of PHB and PHB2 were also
upregulated in TAC+NR-treated mice (Fig. 8A). These above results
revealed that NR treatment could repress TAC-induced EndMT by en-
hancing prohibitin proteins expression in vivo.

4. Discussion

Here, our study has revealed for the first time that NAD+ repletion
(NR) can ameliorate the TGF-β1-induced EndMT process through pro-
moting the levels of mtUPR and prohibitin proteins (PHB and PHB2)
acts as a mediator between NR and mtUPR. Our research provided di-
rect evidence that TGF-β1 was able to induce EndMT and mtUPR levels
were significantly downregulated in HUVECs after exposing to TGF-β1.
The decreased levels of mtUPR lead to mitochondrial dysfunction. We
found that NR treatment not only enhanced the levels of mtUPR and
inhibited the EndMT induced by TGF-β1 but also alleviated the mi-
tochondrial dysfunction. what’s more, it is pointed out that prohibitin
proteins regulated the NR-induced mtUPR. Inhibition of prohibitin
proteins impaired the protective effect of NR treatment on TGF-β1-in-
duced EndMT in ECs. In contrast, lentivirus-mediated overexpression of
prihibitin proteins prevented EndMT of ECs. Importantly, NR treatment

Fig. 6. Overexpression of prohibitin proteins can promote the mitochondrial unfolded protein response to attenuate TGF-β1-induced EndMT in HUVECs. Primary
HUVECs were treated with control, Lenti-NC, Lenti-NC+TGF-β1 and Lenti-Phbq&2 + TGF-β1. (A) Effect of Lenti-Phb1&2 on primary HUVECs were determined by
Western blotting. (B) The mRNA expression of HSP60 and HSP10 were detected by qRT-PCR. (C) The protein expression levels of HSP60, HSP10, CD31 and Vimentin
were determined by Western blotting. (D) ATP production in primary HUVECs. (E) Oxygen consumption rate (OCR) in primary HUVECs at 37 °C. Pmole, picomoles.
All Data were presented as mean ± SEM. nsp ≥ 0.05 versus corresponding Control group. ***p < 0.001 verses corresponding Lenti-NC group. #p < 0.001 versus
corresponding TGF-β1 group in Fig. 4A; nsp ≥ 0.05, *p < 0.05, **p < 0.01 and ***p < 0.001 versus corresponding Control group.
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can prevent TAC-induced EndMT through promoting the expression of
PHB and PHB2 in vivo, what means that NR treatment may be a po-
tential therapeutic method to EndMT-related CF through prohibitin-
regulated mtUPR.

EndMT-derived ECs are major source for myofibroblasts which
counts a great deal in the pathogenesis of CF (Zeisberg et al., 2007). The
changes of cell specific markers and structural rearrangements are ob-
served in EndMT-derived ECs. EC specific markers such as CD31, vWF
and so on are decreased in the process of EndMT while fibroblast spe-
cific markers such as Vimentin, α-SMA and FSP1 are increased (Cooley
et al., 2014)(Fig. 1). It is known that TGF-β signaling pathway can drive
EndMT in cardiac injury (Song et al., 2019). Our results confirmed that
TGF-β1 was able to induce EndMT by causing a decrease of mtUPR.
Mitochondrial function was damaged due to a decrease of mtUPR
(Fig. 1). From the above analysis, we conclude that mtUPR is vital to
TGF-β1-induced EndMT.

EndMT is a major pathogenesis factor for CF and ultimately resulted
in heart failure (Gonzalez et al., 2018). mtUPR may be a potential
therapeutic target for EndMT in ECs. To verify this hypothesis, NR was
used to promote the levels of mtUPR. Recent studies have shown that
NR can attenuate senescence by correcting mitochondrial dysfunction

as a NAD+ repletion (Michel et al., 2015). To our knowledge, our re-
sults are the first to reveal NR-alleviated EndMT in ECs. The multi-
faceted vasoprotective effects of NR on age-related endothelial dys-
function such as atherosclerotic vascular diseases and hypertension
(Lerman and Zeiher, 2005; Ungvari et al., 2018a, b). This study per-
formed that NR treatment reduced the expression of fibroblast specific
markers such as Vimentin and α-SMA as well as enhanced the expres-
sion of EC specific markers such as CD31 and vWF after exposure to
TGF-β1. The migration induced by TGF-β1 was reduced. OCR and ATP
production were increased, indicating that mitochondrial dysfunctions
were recovered after NR treatment (Fig. 2).

Prihibitin proteins are involved in endothelial dysfunction and
regulates the levels of mtUPR, suggested a study released recently (Yin
et al., 2015). To verify whether NR treatment promotes mtUPR levels
through prohibitin proteins, we first determined the expression of
prohibitin proteins in ECs. The expression of prohibitin proteins was
decreased in ECs treated with TGF-β1 and increased after NR treatment.
prohibitin proteins knockdown was able to inhibit the protective effect
of NR on EMT through repressing mtUPR and exacerbated mitochon-
drial dysfunction. In contrast, overexpression of prohibitin proteins
could ameliorate EndMT induced by TGF-β1. Furthermore,

Fig. 7. Upregulation of prohibitin proteins can promote the mitochondrial unfolded protein response to attenuate TGF-β1-induced EndMT in HMECs. HMECs were
treated with control, Lenti-NC, Lenti-NC+TGF-β1 and Lenti-Phbq&2 + TGF-β1. (A) Effect of Lenti-Phb1&2 or Lenti-NC on HMECs were determined by qRT-PCR. (B)
Effect of Lenti-Phb1&2 on HMECs were determined by Western blotting. (C) The mRNA expression of CD31, Vimentin, HSP60 and HSP10 were detected by qRT-PCR.
(D) The protein expression levels of HSP60, HSP10, CD31 and Vimentin were determined by Western blotting. All Data were presented as mean ± SEM. nsp ≥ 0.05
versus corresponding Control group. ***p < 0.001 verses corresponding Lenti-NC group. #p < 0.001 versus corresponding TGF-β1 group.
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overexpression of prohibitin proteins promoted the levels of mtUPR to
maintain mitochondrial function. In vivo, treatment of NR could at-
tenuate TAC-induced EndMT by upregulating PHB and PHB2 expres-
sion. These results have suggested that NR treatment can promote the
expression of prohibitin proteins to alleviate EMT through regulating
mtUPR levels.

5. Conclusion

In conclusion, NR treatment facilitates the protein expression of
prohibitin proteins to prevent TGF-β1-induced EndMT through reg-
ulating mtUPR. Our study provides a new therapeutic method to pre-
vent EndMT in cardiac fibrosis.
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