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Abstract
Background: Pancreatic adenocarcinoma (PAAD) a highly lethal malignancy.
The current use of clinical parameters may not accurately predict the clinical
outcome, which further renders the unsatisfactory therapeutic outcome.
Methods: In this study, we retrospectively analyzed the clinical-pathological
characteristics and prognosis of 253 PAADpatients. Univariate,multivariate, and
Kaplan-Meier survival analyses were conducted to assess risk factors and clini-
cal outcomes. For functional study, we performed bidirectional genetic manipu-
lation of lactate dehydrogenase A (LDHA) in PAAD cell lines to measure PAAD
progression by both in vitro and in vivo assays.
Results: LDHA is particularly overexpressed in PAAD tissues and elevated
serum LDHA-transcribed isoenzymes-5 (LDH-5) was associated with poorer
patients’ clinical outcomes. Genetic overexpression of LDHA promoted the pro-
liferation and invasion in vitro, and tumor growth and metastasis in vivo in
murine PAAD orthotopic models, while knockdown of LDHA exhibited oppo-
site effects. LDHA-induced L-lactate production was responsible for the LDHA-
facilitated PAAD progression. Mechanistically, LDHA overexpression reduced
the phosphorylation of metabolic regulator AMPK and promoted the down-
stream mTOR phosphorylation in PAAD cells. Inhibition of mTOR repressed
the LDHA-induced proliferation and invasion. A natural product berberine was
selected as functional inhibitor of LDHA, which reduced activity and expression
of the protein in PAAD cells. Berberine inhibited PAAD cells proliferation and
invasion in vitro, and suppressed tumor progression in vivo. The restoration of
LDHA attenuated the suppressive effect of berberine on PAAD.

Abbreviations: AMP, Adenosine monophosphate; AMPK, AMP-activated protein kinase; AST, Aspartate transaminase; ATP, Adenosine
triphosphate; BBR, Berberine; BMI, Body mass index; Ca19-9, Carbohydrate antigen19-9; CM, Chinese medicine; CTL, Control; H&E, Hematoxylin
and eosin; IC50, Half-maximal inhibitory concentration; IHC, Immunohistochemistry; LDH, Lactate dehydrogenase; LDH-5, LDHA-transcribed
isoenzymes-5; LDHA, Lactate dehydrogenase A; LDHB, Lactate dehydrogenase B; MCT, Monocarboxylate transporter; mTOR, Mammalian target of
rapamycin; NADH, Nicotinamide adenine dinucleotide; PAAD, Pancreatic adenocarcinoma; SPR, Surface plasmon resonance
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Conclusions: Our findings suggest that LDHA may be a novel biomarker and
potential therapeutic target of human PAAD.

KEYWORDS
AMPK/mTOR pathway, berberine, L-lactate, lactate dehydrogenase, pancreatic adenocarci-
noma

1 BACKGROUND

Pancreatic adenocarcinoma (PAAD) is a highly malignant
disease ranking as the fourth leading cause of cancer-
relatedmortality globally, with a 5-year survival of less than
5%.1 Despite efforts on improving treatment modalities,
PAAD remains a major clinical challenge, especially for
patients with advanced disease.2,3 The routinely screened
clinical parameters cannot accurately predict the patients’
clinical outcomes, especially thosewith advanced diseases,
their potential response to treatments, or tumor behaviors.
Therefore, there is an urgent need to identify novel biolog-
ical markers for a more accurate prediction of the disease’s
natural history. In addition, deepening the understanding
of the molecular mechanisms of disease progression and
determining effective targets for the treatment of PAADare
of great significance for improving the clinical outcome of
the disease.
Lactate dehydrogenase (LDH) is a tetramer enzyme that

regulates the final step of aerobic glycolysis and is associ-
ated with metabolic adaptation to meet the energetic and
biosynthetic demands of malignancies.4–7 LDH consists of
two common polypeptide subunits: the M-subunit (LDHA
encoded) and the H-subunit (LDHB encoded).7 As a result
of the different subunits, five isoforms (LDH-1 to LDH-
5) have been identified.7 In PAAD patients, consistent
with previous studies,8,9 we have demonstrated that lactate
dehydrogenase elevation is an independent unfavorable
prognostic factor.10 However, the prevailing types of LDH
and their expressions in PAAD is yet to be characterized.
This study investigated the prognostic role of LDH

isoenzymes by retrospective analyses. By employing
isoenzyme electrophoresis, we identified that serum
LDHA-transcribed isoenzymes-5 (LDH-5) level is neg-
atively associated with patients’ overall survival, prog-
nosis, tumor aggressiveness, and maybe a novel serum
biomarker. Using in vitro and in vivo methods, we
explored the tumor-promoting role of the LDHA gene
in PAAD. Mechanistically, the elevated LDHA expres-
sion and enhanced L-lactate production fuelled pancreatic
cancer growth and progression, and the activity depends
on the AMP-activated protein kinase (AMPK)/ mam-
malian target of rapamycin (mTOR) signaling pathway.
Moreover, in seeking an effective targeted-therapy for

PAAD patients’ management, our study later identified
a small molecule, berberine, which functionally inhibits
LDHA and suppresses in vitro and in vivo PAAD progres-
sion. Experimental findings postulate the role of LDHA
overexpression-induced L-lactate signaling and its inter-
play with AMPK/mTOR signaling, whichmay provide sci-
entific evidence for future precision therapy of PAAD.

2 METHODS

2.1 Patients

A total of 253 patients who were treatment-naive and
pathologically diagnosed with pancreatic adenocarcinoma
between January 2013 and December 2015 at the Depart-
ment of Integrative Oncology, Fudan University Shanghai
Cancer Center were included. The patients’ clinical data,
including gender, age, BMI (bodymass index), tumor stage
at diagnosis, tumor location, maximum tumor diameter,
serum Carbohydrate antigen19-9 (Ca19-9) level, serum lac-
tate dehydrogenase (LDH) level, the ratio of aspartate
transaminase (AST) and alanine aminotransferase (ALT)
(AST/ALT ratio), presence of metastases (liver, lung, bone,
and retroperitoneal lymph node) at diagnosis, treatment
received (chemotherapy, ablation therapy, and Chinese
Medicine [CM] treatment) were obtained from electrical
medical records. All patients were subjected to follow-ups
for at least 12 months. Serum samples were collected upon
initial admission and stored at −80◦C for further analy-
ses. The ethics committee of the Department of Oncology,
Fudan University approved the protocol (Ref. No. 050432-
4-1212B) andwritten informed consent obtained from indi-
vidual patients according to institutional guidelines. All
procedures were performed following institutional stan-
dards, guidelines, and with the 1964 Helsinki declaration
and its later amendments.

2.2 Bioinformatics study

2.2.1 Oncomine database analysis

The genome expression of LDHA in pancreatic cancer
was mined in the Oncomine database,11 and five datasets
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(Logsdon Pancreas, Segara Pancreas, Buchholz Pancreas,
Pei Pancreas, and Badea Pancreas) were used to validate
the mRNA expression of LDHA. The transcriptional
expression of LDHA of the cancer tissue and their corre-
sponding adjacent noncancerous pancreatic tissue were
obtained from the Oncomine database and compared by
Student’s t-test. The thresholds employed are as follow-
ings: P = 0.01; fold-change = 1.5; gene ranking = 10%.

2.2.2 The cancer genome atlas (TCGA) and
gene expression omnibus (GEO) database
analyses

To compare the gene expression profile across all adeno-
carcinoma samples and paired normal tissues, the Gene
Expression Profiling Interactive Analysis (GEPIA) (http://
gepia.cancer-pku.cn/index.html),12 which is an online
database including samples from TCGA and the GTEx
projects, was used (Log2FC Cutoff: 2; q-value Cutoff: 0.01).
The relative transcriptional expression of LDHA between
tumor and normal samples obtained from Gene Expres-
sion GEPIAwas also used to generate overall survival (OS)
and disease-free survival (DFS) curves with a log-rank test
based on median LDHA expression. The log-rank P, the
hazard ratio (HR), and 95% confidence intervals (CI) were
computed. GEO datasets (GDS4103 and GDS4336) were
compared by Student’s t-test. Statistical significant differ-
ence was considered when a P < 0.01.

2.2.3 The cancer cell line encyclopaedia
analysis

The mRNA expression of LDHA in pancreatic cancer
cell lines was retrieved from the Cancer Cell Line Ency-
clopaedia (http://portals.broadinstitute.org/ccle/)13 to ver-
ify the mRNA expression level in pancreatic cancer cell
lines.

2.3 Prediction of small molecule
interaction

The in silico molecular docking model for LDHA in com-
plexwith berberinewas constructed using the online dock-
ing webserver SwissDock (http://www.swissdock.ch/).14
The target structure of human LDHA (PDB ID:1I10)
was identified from the Protein Data Bank (PDB).15 The
chemical structure of berberine (PubChem: 12456, ZINC
ID: 3779067) was obtained from the ZINC molecule
database (http://zinc.docking.org/).16 Results of the Swiss-
Dock were visualized by UCSF Chimera.17

2.4 Cell lines and culture conditions

Pancreatic cancer cell lines Panc1, MiaPaCa2, BxPC3,
Capan-2 (Human origin), and Panc02 (Mouse C57BL/6 ori-
gin) were obtained from American Type Culture Collec-
tion (ATCC; Manassas, VA, USA) and Frederick National
Laboratory for Cancer Research (Frederick, MD, USA),
respectively. The Panc1, MiaPaCa2, and Panc02 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM,
4.5 g/L glucose; Gibco, Rockville, MD, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Gibco),
1 mM sodium pyruvate (Cat. P5280, Sigma-Aldrich, St.
Louise, MO, USA), 100 U/mL penicillin (Gibco) and
100 mg/mL streptomycin (Gibco). BxPC3 and Capan-2
were cultured in RPMI-1640medium (Gibco) andMcCoy’s
5A Medium (Gibco), respectively, supplemented with 10%
FBS (Gibco). All cells were maintained in a humidified
incubator containing 5% CO2 at 37◦C.
Berberine chloride (C20H18ClNO4, PubChem CID:

12456) was purchased from Sigma-Aldrich (Cat. B3251-
10G, Lot: #SLBG1303). For AMPK inhibitor and mTOR
inhibitor treatment, cells are treated with compound c (20
μΜ; PubChem CID: 11524144, Sigma-Aldrich), Rapamycin
(10 nM; PubChem CID: 5284616, Cat. R0395, Sigma-
Aldrich), 7ACC2 (10 μΜ; PubChem CID: 72696735, Cat.
HY-D0713, MedChemExpress), respectively, for 24 hours.
For lactate treatment, cells are treated with L-lactate
(10 mM; PubChem CID: 107689, Cat. L1750, Sigma-
Aldrich) for 48 hours.

2.5 Plasmids, short hairpin RNA
(shRNA), CRISPR/Cas9 gene
editing and transfection

Lentiviral vectors for the mouse LDHA(GenBank ID
NM_001136069.2) cDNA sequence, and LDHA specific
RNAi interference sequence were obtained from Hanyin
Co. (Shanghai, China). To obtain the stable cell line,
Panc02 cells were infected with the lentivirus. Seventy-two
hours after infection, puromycin (2 μg/mL; Thermo Scien-
tific, Waltham, MA, USA) was added for 7 days and the
LDHA expression of stably transfected cell lines was ver-
ified by western blot.
LDHA CRISPR/Cas9 activation and knockdown plas-

mids (sc-400403; Santa Cruz Ltd., Dallas, CA, USA) were
obtained from Santa Cruz Biotechnology. Transfection of
plasmids into Panc-1 cells as performed using the trans-
fection reagent Lipofectamine™ 2000 (Invitrogen, Carls-
bad, CA, USA). Panc-1 cells treated with transfection
reagent alone was included as a mock control. To obtain
stable cell line, puromycin (1μg/mL; Thermo Scientific,
Waltham, MA, USA) was added for 7 days and the LDHA

http://gepia.cancer-pku.cn/index.html
http://gepia.cancer-pku.cn/index.html
http://portals.broadinstitute.org/ccle/
http://www.swissdock.ch/
http://zinc.docking.org/
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expression of stably transfected cell lines was verified by
western blot.

2.6 Cell viability and clonogenic assay

Five-thousand cells were seeded in each well of the
96-well plates and allowed to attach overnight. A series
concentrations of berberine were added to the cells to
incubate for 24, 48, and 72 hours. Ten microliters of
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-um
bromide (MTT; 5mg/mL, Sigma-Aldrich) solution was
added as a quantitative colorimetric assay dye four hours
before the end of treatment and incubated at 37◦C for
crystallizations. 200 μL of dimethylsulfoxide (DMSO,
Sigma-Aldrich) was then added to each well to resolve the
crystal following removing the supernatant. Absorbance
was measured at 540 nm using a Model 680 microplate
reader (Bio-Rad, Hercules, CA, USA).
Clonogenic assay was conducted as previously

described18 with minor modifications. In brief, 1000
cells were inoculated in each well of the 6-well plates.
Twenty-four hours after seeding, culture medium was
replaced with fresh medium containing indicated concen-
trations of desired agents and allowed to grow for 10 days.
Fresh medium and desired agents were replaced every
other day. By the end of the experiment, the cells were
fixed in 4% paraformaldehyde (PFA; Sigma-Aldrich) for
30 minutes and followed by a 2-hour staining with crystal
violet (Sigma-Aldrich) at room temperature for visualiza-
tions. Images were captured under the Chemidoc Imaging
system (Bio-rad, Hercules, CA, USA). The number of
colonies formed was counted.

2.7 Wound healing migration assay
and Boyden chamber invasion assay

To measure the migration capabilities of pancreatic can-
cer cells, single later of cells were cultured in 6-well plates
until 100% confluency followed by a 6-hour starvationwith
serum-freemedium.Afterward, the cell layerwas scrapped
with a 10 μL pipet tip to create a wound. Drugs at appro-
priate concentration were added, and images were cap-
tured with the EVOS XL Core Cell Imaging System (Life
Technologies, Carlsbad, CA, USA) at 0, 24, and 48 hours to
observe the rate of wound closure by cell migration.
To measure the invasion capabilities of cells, cultured

cells are suspended at a density of 2 × 105 cells/mL in
serum-free medium, and 100 μL of cell suspension with
appropriate drug concentrationwere seeded into the upper
chamber of the Transwell (8.0 μm pore size, No. 3464;
Corning, Corning, NY, USA). Eight hundred microliters of

medium with 10% FBS with appropriate drug concentra-
tion was added into the lower chamber of the Transwell.
Twenty-four hours after cell seeding, the cells on the upper
surface of the chamber were gently removed using a cotton
swab with ice-cold PBS. Cells attached at the basolateral
membrane of the chamber insert were then fixed with 4%
PFA (Sigma-Aldrich) for 30 minutes followed by a 2-hour
staining with crystal violet (Sigma-Aldrich) at room tem-
perature. Imageswere captured undermicroscope, and the
invaded cells were quantified by counting five fields at a
magnification of ×200 (Leica Microsystems Digital Imag-
ing, Wetzlar, Germany).

2.8 In vitro LDH release assay

The LDH release ismeasured by the Lactic Dehydrogenase
based In Vitro Toxicology Assay Kit (Cat. TOX7, Sigma-
Aldrich) according to the manufacturer’s instructions. In
brief, the supernatant was collected and centrifuged at
250 × g for 5 minutes to pellet cells. The supernatant was
then incubated for 20-30 minutes with assay mixtures at
1:2 ratio at room temperature protected from light. The
reaction was terminated by adding 1:10 (v/v) of 1N hydro-
gen chloride (HCl). The absorbance was measured at a
wavelength of 490 nm using a microplate reader. The rela-
tive LDH release was calculated after normalization by cell
number.

2.9 Lactate assay

Pancreatic cancer Panc-1 and Panc02 cells (1 × 106),
pancreatic tumor tissue (approximate 1 mm3) and serum
were prepared for lactate assays. According to the man-
ufacturer’s instructions, the L-lactate amount from the
lysates of cells and culture media are measured by the
lactate colorimetric assay kit II (K627, BioVision, Mil-
pitas, CA, USA). The absorbance was measured using a
microplate reader at a wavelength of 450 nm. The relative
lactate intracellular and extracellular lactate content was
calculated after normalization by cell number, while
the calculation of the relative tumor lactate content was
calculated after normalization by protein concentration.

2.10 LDHA inhibitor screening assay

The LDHA inhibitor screening assay is measured by the
Lactate Dehydrogenase A Inhibitor Colorimetric Screen-
ing Kit (K492, BioVision, Milpitas, CA, USA) according
to the manufacturer’s instructions. Inhibitors including
FX-11(HY-16214), GSK2837808A(HY-100681), and Gossy-
pol(HY17510) obtained from the MedChemExpress (MCE,
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Monmouth Junction, NJ, USA). The absorbance was mea-
sured using amicroplate reader at a wavelength of 450 nm.

2.11 Measurement of mitochondrial
membrane potential

The fluorescent, lipophilic, and cationic probe, JC-1
(C2006, Beyotime, Shanghai, China), was employed to
measure the mitochondrial membrane potential (Δψm)
according to the manufacturer’s directions. Briefly, after
indicated treatments, cells were incubated with JC-1 stain-
ing solution and subjected to analysis by a flow cytometer
(Canto II, BD Biosciences, San Jose, CA, USA).

2.12 Immunoblotting analysis

Cell lysates were prepared by lysing pancreatic cancer
cells in RIPA lysis and extraction buffer (Thermo Fisher
Scientific Inc., Waltham, MA USA) supplemented with
a proteinase inhibitor cocktail (Thermo Fisher Scien-
tific Inc.) and phosphatase inhibitor (Cell Signaling
Technology, CST, Danvers, MA, USA). Equal amounts
of denatured protein were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE;
Bio-Rad, Hercules, CA) followed by electro-transferred
onto polyvinylidene fluoride (PVDF) membrane (Milli-
pore, Burlington, MA, USA). Membranes were incubated
with blocking buffer containing 5% bovine serum albumin
(BSA; Sigma-Aldrich) for 2 hours before overnight incuba-
tionwith the relevant antibodies: LDHA (1: 1000, ab101562,
Abcam), AMPKα (D5A2) (1:1000, CST), Phospho-AMPKα
(Thr172) (40H9) (1:1000, CST), mTOR (7C10) (1:1000,
CST), Phospho-mTOR (Ser2448) (D9C2) (1:1000, CST),
β-Actin (D6A8) (1: 1000, CST). The detailed reactivity of
each antibody used are included in the supplementary
materials (Table S1). HRP-conjugated secondary anti-
body (1: 5000, CST) was applied to the membrane for
2 hours at room temperature, and were then visualized
using the Amersham™ ECL Select™ western blotting
detection reagent (GE Healthcare, Little Chalfont, Buck-
inghamshire, UK) using a chemiluminescence imaging
system (Bio-Rad, Hercules, CA, USA).

2.13 Reverse transcription-polymerase
chain reaction

Total RNA was extracted by Trizol Reagent (Takara, Shiga,
Japan) and the first strand synthesis kit (Takara, Shiga,
Japan) was used for reverse-transcription reaction to pre-
pare cDNA samples. The quantitative real-time PCR (qRT-

PCR) was conducted by SYBR Green reagents (Takara,
Shiga, Japan) on LightCycler 480 real-time PCR system
(Roche Life Science, Basel, Switzerland). The expression
of beta-actin was used as internal control for the normal-
ization of targeted genes’ expression. The custom-made
primers (Life Technologies, Carlsbad, CA, USA) for RT-
PCR analysis are as follows: LDHA (h, human) forward:
CCCCAGAATAAGATTACAGTTGTTG, LDHA(h) reverse:
GAGCAAGTTCATCTGCCAAGTC; LDHA(m, mouse)
forward: CTGGCTCCAGTGTGTACGTC, and LDHA(m)
reverse: TGGGTGGTTGGTTCCATCAT; β-actin(h) for-
ward: CTACGTCGCCCTGGACTTCGAGC; and β-actin(h)
reverse: GATGGAGCCGCCGATCCACACGG; and β-
actin(m) forward: TGTCCACCTTCCAGCAGATGT,
β-actin(m) reverse: AGCTCAGTA ACAGTCCGCCTAG.

2.14 Measurement of serum LDH
isoenzyme

Serum LDH isoenzymes are measured by QuickGel LD
IsoenzymeKit (No. 3538T;Helena Laboratories Beaumont,
TX, USA), according to manufacturer’s instructions.

2.15 Surface plasmon resonance (SPR)
biosensor analysis

The affinity determination of berberine binding to LDHA
was measured using a Biacore T200 biosensor (GE Life,
Chicago, IL, USA). The his-tag LDHA human recombi-
nant protein (Cat. No. 71081, BPS Bioscience, San Diego,
CA, USA) was covalently immobilized on to the series S
sensor chip CM5 (BR100530, GE Life, Chicago, IL, USA)
with the amine coupling kit (BR100050, GE Life) in 20mM
MES buffer (pH 6.0) followed by deactivation of the resid-
ual amines by 1 M ethanolamine. Serial dilution of berber-
ine (1.5625-25 μΜ) was prepared by dilution in running
buffer (20 mM Na phosphate, 150 mM NaCl, 0.005% v/v
surfactant P20, 5% DMSO, pH7.4) at a flow rate of 30 μL/
min. The immobilized ligand was regenerated by inject-
ing 10 mM Glycine-HCl buffer (pH 2.2) for a time period
allowing the response to return to baseline. The equilib-
rium binding data were analyzed for binding affinity of
berberine to LDHA to generate the apparent dissociation
constants (Kd).

2.16 In-vivo studies

Four- to six-week-old female C57BL/6N and BALB/cAnN-
nu(nude) mice sourced from Charles River Lab (Wilming-
ton, M.A., USA) and inbred by our institutional laboratory
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animal unit were obtained for subsequent experiments.
The animal protocols for the experiments were approved
by the Committee on the Use of Live Animals in Teaching
and Research of the University of Hong Kong (CULATR;
No. 4577-16) and the Ethics Committee of the Department
of Laboratory Animal Science, Fudan University, Shang-
hai, China (Ref. No. 20160673A040).

2.16.1 Orthotopic mouse model
of pancreatic cancer

The orthotopic pancreatic tumor model was estab-
lished according to our previous study with minor
modifications.19 Briefly, 1 × 107 pancreatic cancer cells
were suspended in 0.1 mL of ice-cold serum-free medium
and mixed with Matrigel matrix on ice (1:1, v/v) (No.
354234; Corning). Mice were anesthetized with 100 mg/kg
ketamine and 10 mg/kg xylazine, following laparotomy of
the left flank of abdominal skin and exposure of the spleen
and the pancreatic body. Twenty microliter cell-Matrigel
mixtures was slowly injected into the pancreatic head
for inoculation. Then, the pancreas and the spleen were
placed back into the abdomen, and the muscle and skin
were closed layer-by-layer with sutures. The tumor were
allowed to grow for 7 days, andmice were randomized into
berberine treatment 5 mg/kg group (5 mg/kg/2 days, oral
gavage for 4 weeks, n = 10), berberine treatment 10 mg/kg
group (10 mg/kg/2 days, oral gavage for 4 weeks, n = 10),
and another group (n = 10) was subjected with the same
volume of phosphate-buffered saline (PBS; Gibco) as con-
trol. Bodyweight is monitored weekly and the mice were
sacrificed after 4 weeks. Blood samples were withdrawn
by cardiac puncture when the experimental animals were
under deep anesthesia with ketamine/xylazine mixture.
By the end of the 4-week treatment, tumor was then
removed and measured.

2.16.2 Liver metastasis mouse model
of pancreatic cancer

Establishment of the liver metastasis pancreatic tumor
model as previously reported with slight modifications.20
In brief, 1 × 106 pancreatic cancer cells were suspended
in 0.1 mL of ice-cold PBS (Gibco). Laparotomy technique
was performed as aforementioned and 0.2 mL of cell sus-
pension was slowly injected into the spleen. After inocula-
tion, the tumors were allowed to grow for 28 days and the
mice were sacrificed by injecting 200 mg/kg pentobarbi-
tal intraperitoneally and the livers were dissected out. The
surface metastases on the livers were counted after dissec-
tion of the livers into individual lobes.

2.17 Histology, immunohistochemistry,
and immunofluorescent analyses

Paraffin-embedded tissues were sectioned at 4 μm thick-
ness andmounted on slides. The slideswere deparaffinized
with xylene for twice, and rehydrated with 100%, 95%,
70%, and 50% ethanol, respectively for two changes. For
visualization of histology, hematoxylin and eosin (H&E)
staining was performed. Briefly, the rehydrated slides
were submerged and incubated in Mayer’s hematoxylin
for 5 minutes. Afterward, slides were incubated in 1% acid
alcohol for one second, rinsed in tap water and stained
in 0.25% eosin Y solution (Sigma-Aldrich) for 30 seconds.
After staining, slides were then dehydrated with increas-
ing concentrations of alcohol (50%-100%). The stained
slides were mounted in Canada balsam (Sigma-Aldrich)
and visualized under a microscope (Leica Microsystems
Digital Imaging, Wetzlar, Germany).
For immunohistochemistry (IHC) staining, slides

were incubated with respective anti-ki-67(1:200, ab15580,
Abcam) and anti-LDHA (1: 200, ab101562, Abcam) in
a humidified chamber at 4◦C overnight followed by
incubation with respective diluted secondary antibody at
room temperature for 1 hour. The slides were then stained
with DAB substrate kit (vector laboratories, Burlingame,
CA, USA) according to manufacturer’s instructions and
then counter stained with hematoxylin for 1 minute. After
staining, slides were dehydrated, mounted, and visualized
under the microscope.
For immunofluorescent staining, slides were incubated

with APC conjugated CD3 antibody (1:200, 17-0032, eBio-
science, San Diego, CA, USA), Alexa Fluor 488-conjugated
CD4 antibody (1:200, 53-0041, eBioscience) and Alexa
Fluor 700-conjugated CD8a antibody (1:200, 56-0081,
eBioscience) in a humidified chamber at 4◦C overnight
followed by counter staining with DAPI (Cat. D1306, Invit-
rogen) at room temperature for 3 minutes. Stained slides
were mounted with fluorescent mounting medium (Dako,
Denmark) and visualized under a confocal microscope
(Carl Zeiss LSM780, Germany).

2.18 Statistical analysis

The matching and significance of patients clinical-
pathological data were assessed using Student’s t-test
(two-tailed), chi-square test, Mann-Whitney U Test,
Pearson’s correlation coefficient, receiver operating char-
acteristic (ROC) curve, multivariate Cox proportional
hazards regression, and Kaplan-Meier (K-M) analyses,
where appropriate, by SPSS software version 20.0 (IBM
Corporation, Chicago, IL, USA). For the in vitro and
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in vivo data, the significance was determined using the
Student’s t-test (two-tailed) or one-way analysis of variance
(one-way ANOVA) using GraphPad Prism 7.0 (GraphPad
Software, San Diego, CA, USA), where appropriate. A
P value of less than 0.05 was considered statistically signif-
icant. All the experiments were performed independently
in triplicate unless otherwise specified.

3 RESULTS

3.1 The overexpression of LDHA in
pancreatic cancer associated with poor
prognosis

Glycolysis is a hallmark of malignancy transformation
in solid tumor, and LDH is the key enzyme involved in
glycolysis. To determine the clinically relevant role of
lactate dehydrogenase in PAAD patients, we retrieved
transcriptomic expression profiles of PAAD tumor and
adjacent nontumoral normal tissues from the GEO dataset
(GDS4103 and GDS4336) and the Oncomine database. The
mRNA expression of LDHA was significantly upregulated
in tumor tissues compared to the adjacent nontumoral
normal tissue (Figure S1A, Table S2). On the other
hand, the mRNA expression of LDHB showed reduced
expression in cancerous tissues compared to the adjacent
noncancerous normal tissues. No significant difference in
LDHC expression between cancerous tissue and nontu-
moral tissue was found. Further analysis on the clinical
correlation of LDH with OS and DFS of PAAD patients
showed that patients with high expression of LDHA
mRNA expressions are associated with poorer OS and
DFS (HR= 2.2, P= 0.00028; HR= 2.1, P= 0.00087, respec-
tively) (Figure S1B). These data demonstrate that LDHA is
overexpressed in pancreatic cancer compared to its normal
adjacent tissue, and LDHA overexpression results in poor
clinical outcomes in pancreatic adenocarcinoma patients.

3.2 Serum LDH isoenzyme 5
expressions are associated with an
unfavorable prognosis and clinical
progression

To further investigate the relationship between serum
LDH and prognosis of pancreatic cancer patients, we ret-
rospectively reviewed the clinical characteristics of 253
patients (Table 1). The median serum LDH level among
the patients is 161.0 IU/L (SD: 124.79; range 50-1099.0). KM
survival analysis revealed a median OS of 4.733 ± 0.568
months (95% CI: [3.620-5.847]) for those who had serum
LDH ≥ 161.0 IU/L and 7.467 ± 0.623 months for those who
had serum LDH < 161.0 IU/L (log-rank 5.239; P = 0.022).

The median serum LDH-5 is 11.3% (SD: 6.504; range 3.55-
43.00). The serumLDH is significantly higher in thosewho
had serum LDH-5 ≥ 11.3% than in those who had serum
LDH-5 < 11.3% (P < 0.01)(Figure 1A). The distribution of
serum LDH isoenzymes-1 to -5 of the included patients is
shown in Figure 1B-F. The median OS for patients was
3.800± 0.406months (95%CI: [3.004-4.596]) for thosewho
had serum LDH-5≥ 11.3% and 8.80± 0.959 (95% CI: [6.920-
10.680]) months for those who had serum LDH-5 < 11.3%
(log-rank, 56.494; P < 0.001) (Figure 1G). Clinical char-
acteristics of patients based on LDH-5 level are shown in
Table 2.
In order to determine the clinical usefulness of serum

LDH-5 as a biomarker, the Cox regression proportional
hazard analyses were employed to assess the relative
risks. As shown in Table 2, the univariate Cox regression
analyses showed that a high level of serum LDH-5 was
associated with an increased risk of death in pancreatic
cancer patients with an odds ratio (OR) of 2.730 (95% CI:
[2.052-3.633]) (P < 0.001). The relative risk increased by
over 47.5-fold in patients with high LDH-5 levels compared
to those with low LDH-5 levels (Table 2). As anticipated,
advanced clinical stage (P = 0.006) and elevated Ca19-9
level (P = 0.024) were also significant poor prognostic
factors. Further multivariate analysis of the relative risks
indicative of LDH-5′s prognostic role in pancreatic cancer
showed that patients with higher tumor stage, elevated
serum Ca19-9, and serum LDH-5 over 11.3%, are at a 6.982-
fold, 5.179-fold, and 50.183-fold, respectively, risk of poor
prognosis. The ROC analysis confirmed that LDH-5 had
a better prognostic value than other clinical parameters
(Figure 1H). The prognostic value of LDH-5 was calculated
based on the median level of all included patients and
subsequently grouped into five groups (>7 5% depressed,
25%-75% depressed, normal [from<25% depressed to<25%
elevated], 25%-75% elevated, and > 75% elevated) with the
calculation of the hazard ratio (HR) per group. We
observed that, compared to normal (from < 25% depressed
to < 25% elevated), elevated for 25%-75%, and > 75% in
LDH-5 was associated with poor OS (HR: 1.44, 95% CI:
[1.07-1.94] and HR: 3.17, 95% CI: [2.34-4.28], respectively)
(Figure 1I).
To further identify if serumLDH and serumLDH-5 level

affect pancreatic cancer patients’ progression, we sought
to determine the correlation of serum LDH with time
to pancreas-to-liver metastasis. However, as most of the
present study patients presented with synchronous liver
metastasis upon diagnosis, and only 28 patients developed
liver metastasis after diagnosis, we failed to identify a sta-
tistical. We, therefore, analyzed the diagnostic likelihood
ratio (DLR) of serum LDH with liver metastasis. A serum
LDH level of 195.5 IU/L correlatedwith 100% sensitivity for
detecting liver metastasis with an AUC of 0.662 (95% CI:
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TABLE 1 Clinical characteristics of patients

Characteristic Total (n = 253)

Low LDH-
5 < 11.3%n = 129
(51.0%)

High LDH-5≥
11.3%n = 124
(49.0%) P

Age (years)
Mean (SD) 60.95 (10.08) 61.02 (9.6) 61.85 (9.56) 0.500a

< 60 106 (41.90) 54 52 0.990b

≥60 147 (58.10) 75 72
Gender, n (%) 0.690b

Male 156 (61.66) 78 78
Female 97 (38.34) 51 46

BMI 22.07 (2.81) 22.12 (2.88) 22.03 (2.75) 0.804a

Clinical stage, n (%) <0.003b

IIb 23 (9.09) 17 6
III 42 (16.60) 28 14
IV 188 (74.31) 84 104

Tumor location, n (%)
Head and neck 100 (39.53) 51 49 0.998b

Body and tail 153 (60.47) 78 75
Tumor diameter (mm)
Mean (SD) 43.33 (15.98) 43.76 (14.43) 49.10 (17.13) 0.008c

Ca19-9 (IU/mL)
Mean (SD) 549.1 (435.7) 540.1 (424.2) 619.6 (445.4) 0.165c

<1000 140 (55.34) 80 60 0.029b

≥1000 113 (44.66) 49 64
LDH (IU/L)
Mean (SD) 196.4 (124.8) 175.28 (91.73) 218.36 (148.98) 0.001c

AST/ALT
Mean (SD) 1.15 (0.52) 1.10 (0.41) 1.21 (0.60) 0.429c

Overall survival (months)
Median (SD) 6.10 (0.45) 8.80 (0.96) 3.80 (0.41) <0.0001d

Liver metastases, n (%)
Presence 162 (64.03) 67 95 <0.001b

Absence 91 (35.97) 62 29
Lung metastases, n (%)
Presence 45 (17.79) 20 25 0.333b

Absence 208 (82.21) 109 99
Bone metastases, n (%)
Presence 22 (8.70) 7 15 0.060b

Absence 231 (91.30) 122 109
Retroperitoneal lymph node metastases, n (%)
Presence 164 (64.82) 84 80 0.920b

Absence 89 (35.18) 45 44
Received gemcitabine-based chemotherapy, n (%)
Yes 199 (78.66) 108 91 0.045b

No 54 (21.34) 21 33
Received S-1 chemotherapy, n (%) 0.013b

Yes 118 (46.64) 70 48
No 135 (53.36) 59 76

(Continues)
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TABLE 1 (Continued)

Characteristic Total (n = 253) Low LDH-
5 < 11.3%n = 129
(51.0%)

High LDH-5≥
11.3%n = 124
(49.0%)

P

Received ablation therapye, n (%) 0.001b

Yes 133 (52.57) 81 52
No 120 (47.43) 48 72

CM treatmentf, n (%)
Yes 136 (53.75) 74 62 0.240b

No 117 (46.25) 55 62

*Bolded text indicates a statistically significant difference with a P value less than 0.05.
Abbreviations: LDH, lactate dehydrogenase; LDH-5, lactate dehydrogenase 5; BMI, body mass index; Ca 19-9, cancer antigen 19-9; SD, standard deviation; AST,
aspartate transaminase; ALT, alanine transaminase.
aThis P value was determined using Student’s t-test.
bThis P value was determined using Pearson’s chi-square test.
bThis P value was determined using the Mann-Whitney U test.
dThis P value was determined using log rank (Mentel-Cox).
eAblation therapy included radiofrequency ablation or high-intensity focused ultrasound ablation of the liver metastatic lesion, retroperitoneal lymph node
metastatic lesion.
fChinese Medicine (CM) treatment included granules or herbal decoction.

[0.595-0.729]), with a positive DLR of 3.932. As for serum
LDH-5, a level of 9.25% correlated with 100% sensitivity
for detecting liver metastasis with an AUC of 0.669 (95%
CI: [0.630-0.768]), with a positive DLR of 1.928. Further-
more, our analysis showed that LDH-5 is positively corre-
lated with tumor size (P = 0.029). Together, these results
suggest that LDHA overexpression is associated with clin-
ical disease progressions and malignant behaviors of pan-
creatic cancer.

3.3 LDHA overexpression enhances cell
proliferation, migration, and invasion of
pancreatic cancer cells

Cell proliferation, migration, and invasion are requisites
for cancer progression andmetastasis. As our clinical anal-
ysis showed a positive correlation between serum LDH-5
level and a larger tumor size, the presence of liver metas-
tasis, and a more advanced disease stage in pancreatic
cancer patients, we hypothesized that its encoding gene,
LDHA, may regulate pancreatic cancer progression. To
determine the effect of LDHA expression on pancreatic
cancer, we first analyzed the mRNA expression and inva-
sion capability of various pancreatic cancer cell lines.21 It
was observed that the LDHAmRNA expression was lower
in the pancreatic cancer cell line with reduced invasion
capability. Consistently, we found that the protein expres-
sion of LDHA is highly detected in the highly metastatic
cell line Panc02, medially expressed in Panc-1 cell line,
and lowly expressed in the weakly metastatic Capan-2
cells (Figure 2A). In order to address the above-mentioned
hypothesis, LDHA CRISPR/Cas9 activation and knock-

downplasmids, andLDHA-OEand shRNA lentiviruswere
stably transfected into Panc-1 and Panc02 cells, respec-
tively, and verified at both mRNA and protein level (Fig-
ure 2B). LDHAoverexpression promoted colony formation
in the pancreatic cancer cells, suggesting a promoted pro-
liferation (Figure 2C). Wound healing assays and Boyden
chamber assays were performed to determine the poten-
tial of LDHA to induce cell migration and invasion, respec-
tively. The results showed that the overexpression of LDHA
increased cell invasion (Figure 2D) and migration (Fig-
ure 2E) compared to the control. Meanwhile, the knock-
down of LDHA impeded pancreatic cancer cell functions
(Figure 2C-E).
To further assess the effects of LDHA on pancreatic

cancer tumorigenesis and metastasis in vivo, LDHA-NC,
LDHA-OE, and LDHA-SH Panc-1 cells were injected into
the pancreas and spleen of BALB/cAnN-nu (nude) mice to
generate orthotopic implantation model and liver metas-
tasis model. Macroscopic xenografts were observed in the
pancreatic tissue and liver of nude mice injected with
LDHA-OE Panc-1 cells after 4 weeks, with significantly
higher tumor weight than the wild-type control (P< 0.05).
As assessed by H&E staining, the orthotopic xenografts
from LDHA-OE Panc-1 cells invaded the pancreatic duct
and adjacent tissue (Figure 2F). In the liver metastasis
model, macroscopic liver metastasis lesions were visible
on the surface of the liver tissue in the LDHA-OE group.
Subsequent H&E staining identified adenocarcinoma in
the liver section of the LDHA-OE group, while no liver
metastasis lesion was identified with the control group
(Figures 2G and S2). On the other hand, no orthotopic nor
liver metastasis lesions were observed on the LDHA-SH
Panc-1 models (Figure S3). An increase in proliferation in
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F IGURE 1 Elevated serum LDHA-transcribed isoenzymes-5 (LDH-5) was associated with poorer patients’ clinical outcomes. (A) The
serum LDH is significantly higher in those who had serum LDH-5 ≥ 11.3% than in those who had serum LDH-5 < 11.3% (n = 253, **P < 0.01).
(B) The distribution of serum LDH isoenzymes-1 of the included patients. LDH-1 accounting for 20.0%-31.0% of all isoenzymes are regarded as
normal (n = 253). (C) The distribution of serum LDH isoenzymes-2 of the included patients. LDH-2 accounting for 28.8%-37.0% of all
isoenzymes are regarded as normal (n = 253). (D) The distribution of serum LDH isoenzymes-3 of the included patients. LDH-3 accounting
for 21.5%-27.6% of all isoenzymes are regarded as normal (n = 253). (E) The distribution of serum LDH isoenzymes-4 of the included patients.
LDH-4 accounting for 6.3%-12.4% of all isoenzymes are regarded as normal (n = 253). (F) The distribution of serum LDH isoenzymes-5 of the
included patients. LDH-5 accounting for 5.4%-13.2% of all isoenzymes are regarded as normal (n = 253). (G) Kaplan-Meier(KM) plots illustrate
overall survival (OS) for in patients with pancreatic cancer who had serum LDH < 161IU/L and LDH ≥ 161IU/L, and serum LDH-5 < 11.3%
and LDH-5 ≥11.3%. (H) Area under the receiver operating characteristic (AUROC) curves of the sensitivity and specificity of survival
prediction by serum LDH isoenzyme 5 (LDH-5), serum LDH (LDH), cancer antigen 19-9(Ca19-9) and clinical stage. (I) A prognostic value of
LDH-5 ratio with hazard ratio (HR) and 95% confidence interval (95% CI) for overall survival (OS). “Normal” (defined as LDH-5 from –25% to
+25%) was used as the reference category
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TABLE 2 Univariate and multivariate analysis of the LDH-5 for predicting overall survival

95% CI for Exp (B)
Variable B SE Wald Sig. Exp(B) Lower Upper
Univariate analysis
Age (< 60 vs ≥60) 0.001 0.007 0.008 0.929 1.001 0.987 1.014
Gender (male vs female) –0.256 0.145 3.117 0.077 0.774 0.583 1.029
BMI 0.013 0.025 0.262 0.609 1.013 0.965 1.063
Clinical stage 0.301 0.110 7.478 0.006 1.351 1.089 1.677
Tumor location (head/neck
vs body/tail)

0.1230 0.144 0.814 0.367 1.138 0.859 1.508

LDH-5 (< 11.3% vs ≥11.3%) 1.004 0.146 47.501 <0.001 2.730 2.052 3.633
Ca19-9 0.000 0.000 5.107 0.024 1.000 1.000 1.001
AST/ALT 0.133 0.144 0.843 0.358 1.142 0.860 1.515
Received gemcitabine-based
chemotherapy (yes vs no)

−0.355 0.181 3.856 0.050 0.701 0.492 0.999

Received oral chemotherapy
(yes vs no)

−0.345 0.146 5.619 0.018 0.708 0.532 0.942

CM treatment (yes vs no) −0.339 0.136 6.215 0.013 0.713 0.546 0.930
Multivariate analysis
Clinical stage 0.279 0.106 6.982 0.008 1.322 1.075 1.626
Ca19-9 0.000 0.000 5.179 0.023 1.000 1.000 1.001
LDH-5 (< 11.3% vs ≥11.3%) 0.998 0.141 50.183 <0.001 2.712 2.058 3.573
Received gemcitabine-based
chemotherapy (yes vs no)

−0.384 0.172 4.975 0.026 0.681 0.486 0.955

Received oral chemotherapy
(yes vs no)

−0.331 0.140 5.590 0.18 0.718 0.546 0.945

CM treatment (yes vs no) −0.297 0.133 5.016 0.025 0.743 0.573 0.964

*Bolded text indicates a statistically significant difference with a P value less than 0.05.
Abbreviations: LDH-5, lactate dehydrogenase 5; BMI, body mass index; Ca 19-9, cancer antigen 19-9; SD, standard deviation; AST, aspartate transaminase; ALT,
alanine transaminase; CM, Chinese Medicine; CI, confidence interval.
Note: Predicting model for poor prognosis in patients with pancreatic cancer Y = h(t)/h(t0) = exp(6.982 × Clinical stage + 5.179 × Ca19-9 + 50.183 × LDH-5 – 4.975
× Received gemcitabine-based chemotherapy – 5.590 × Received Oral Chemotherapy – 5.016 × CM treatment). Indicating that patients with advanced clinical
stage, elevated serum Ca19-9, and serum LDH isoenzyme 5 (LDH-5) over 11.3%, are at a 6.982-fold, 5.179-fold, and 50.183-fold, respectively, risk of poor prognosis.
Patients received gemcitabine-based chemotherapy, oral chemotherapy, and CM treatment are a 4.975-fold, 5.590-fold, 5.016-fold rick of good prognosis.

the LDHA-OE group was found in both tumor and liver
tissues compared to that of the vehicle control, as observed
by detecting the expression level of Ki67, a marker of cell
proliferation (Figure 2F-G). Similarly, we also observed an
increase in LDHA expression in both tumor and liver tis-
sues compared to that of the control (CTL) group mice
(Figure 2F-G). These results, therefore, suggest that LDHA
overexpression promoted the proliferation and metastasis
of pancreatic cancer.

3.4 LDHA-induced L-lactate production
is responsible for the accelerated
proliferation and invasion of PAAD cells

As aforementioned, LDHA favors the catalyzation of pyru-
vate to L-lactate. To further investigate the association of

LDHA expression with L-lactate production in pancreatic
cancer, we measured the intracellular and extracellular
L-lactate concentration by lactate assays and performed
in vitro LDH release assay to assess the LDH enzymatic
activity in PAAD cells. The intracellular and extracellu-
lar lactate assay both showed a decreased extracellular L-
lactate release in LDHA knockdown cells(P < 0.05), while
a marked increase in both intracellular and extracellular
L-lactate concentration in the LDHA overexpressed cells
(P < 0.01) as compared to control cells (Figure 3A and B).
Consistently, a similar trend was observed in the in vitro
LDH release enzymatic activity assay (Figure 3C), suggest-
ing a compromised LDH enzymatic activity in the LDH-
depleted cells, while enzymatic activity was promoted in
the overexpressed cells.
To further explore whether LDHA-induced L-lactate

production is responsible for the accelerated proliferation
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F IGURE 2 Exogenous overexpress LDHA enhances proliferation, migration, and invasion in vitro and promotes tumorigenesis and liver
metastasis in vivo. (A) The protein expression of LDHA of various pancreatic cancer cell lines was confirmed by immunoblotting. Beta-actin
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and invasion of PAAD cells, we supplemented our selected
noncytotoxic dose of L-lactate (Figure S4), 10 mM, to
Panc02 and Panc-1 cells with depleted LDHA.We observed
a restored clonogenic capabilities in both knockdown cell
lines (P < 0.05) (Figure 3D). Consistently, in LDHA over-
expressed cell, the addition of 7ACC2, a MCT1 inhibitor
suppressed the clonogenic capabilities of PAAD cells (Fig-
ure S5A). Next, to determine the effects of L-lactate on
the migration potential of LDHA knockdown cells, we
performed scratch wound healing assay. After a 24-hour
incubation, compared with LDHA knockdown cells, L-
lactate supplementation led to a restoration of migration
potential (Figure 3E) (P < 0.05). Furthermore, Matrigel-
coated Boyden chamber invasion assays showed L-lactate
treatment promoted the invasive potential of nontrans-
fected control cells, and markedly restored the invasion
inhibition by LDHA knockdown (Figure 3F) (P < 0.001).
Similarly, in LDHA-overexpressed cell, 7ACC2 suppressed
in invasive capability of PAAD cells (Figure S5B). These
results collectively demonstrated that LDHA knockdown
suppressed the proliferative, migratory, and invasive capa-
bility of PAAD cells, whereas restoration of its enzymatic
activity reversed these functions, suggesting that LDHA-
induced L-lactate production plays a critical role in PAAD
progression.

3.5 LDHA-induced L-lactate-regulated
AMPK-mTOR in PAAD cells

To further delineate the mechanism involved in LDHA-
mediated PAAD progression, we performed western-blot
analysis on LDHA-overexpressed or -knockdown pan-

creatic cancer cells. Noting that LDHA plays a criti-
cal role in glycolytic metabolism, we further found that
the metabolic regulator, the p-AMPKa/AMPK ratio is
decreased in LDHA-OE cells, while increased in LDHA-
SH cells(Figure 4A) accompanied by a significant increase
of the cellular AMP/ATP ratio in LDHA-SH cells (Figure
S6). The finding further suggested that LDHA-induced L-
lactate-regulated AMPK activation in PAAD cells. Activa-
tion of AMPKwas reported to suppress themTOR activity;
therefore, we further investigated the correlation between
the p-mTOR/mTOR ratio with LDHA expression. Expect-
edly, we found that the p-mTOR/mTOR ratio is increased
in LDHA-OE cells, while decreased in LDHA-SH cells
(Figure 4A). Observing the activation of AMPKa in
LDHA-SH cells, we, therefore, hypothesized that LDHA-
induced L-lactate regulated the PAAD growth through the
AMPK/mTOR pathway. To further test the hypothesis, we
first examined the expression of AMPKa and mTOR in
LDHA-SH cells treated with L-lactate. At protein levels,
we observed a significant restoration of AMPK activation,
mTOR suppression, and LDHA expression in LDHA-SH
cells upon supplementation of L-lactate (Figure 4B). Col-
lectively, these data revealed that in LDHA-SH cells, the
restoration of LDHAenzymatic activity further suppressed
the AMPK/mTOR pathway, LDHA-induced L-lactate reg-
ulated the AMPK/mTOR signaling in PAAD cells.
To confirm the role of the AMPK/mTOR signaling in

regulating LDHA-induced cancer cell progression,we then
pharmacologically inhibited AMPK expression with 20
μM Compound C, a selective and cell-permeable AMPK
inhibitor, in LDHA-SH cells. Immunoblotting assay con-
firmed that AMPK inhibition restored the mTOR activ-
ity, but LDHA expression was minimally detected on

was used as loading control. The mRNA expression of LDHA and invasion capability of various pancreatic cancer cell lines. Invasion
capability through Matrigel and ordered from strongest to lowest, from Panc02 cells to Capan-2 cells (n= 3 per group). (B) The overexpression
and knockdown of LDHA-transfected Panc02 and Panc-1 cells was confirmed by immunoblotting and RT-PCR. Beta-actin was used as loading
control (n = 3 per group). (C) LDHA overexpression (OE) promoted the colony formation capabilities in Panc02 and Panc-1 cells (n = 6 per
group, **P < 0.01, ***P < 0.001) compared with controlled cells (NC). LDHA knockdown (SH) suppressed colony formation in Panc-1 and
Panc02 cells (n = 6 per group, *P < 0.05, **P < 0.01) compared to controlled cells (NC). (D) The invasive properties were analyzed by
Matrigel-coated Boyden chamber assay and scored under a light microscope (200×). LDHA knockdown (SH) suppressed the invasive
properties in Panc02 cells (**P < 0.01) and Panc-1 cells (*P < 0.05) compared to the respective controlled cells (NC) (n = 6 per group).
Overexpression of LDHA (OE) promoted cell invasion in both Panc02 and Panc-1 cells (n = 6 per group, ***P < 0.01) compared to the
respective controlled cells (NC). (E) A wound was produced and monitored at 0, 24, and 48 h as the cells moved and filled the damaged area
(200×). The data were plotted as the percentage area healed (n = 3 per group, *P < 0.05, **P < 0.01). (F) The tumor size and average weight of
primary xenografts of orthotopic implantation model (n = 6 per group, **P < 0.01). H&E staining confirmed the tumorigenesis of LDHA-OE
cells in orthotopic model (400×). The Ki-67 and LDHA expression in the histological sections was detected by immunohistochemical (IHC)
staining (n = 12 per group, ***P < 0.001, 400×). (G) Macroscopic liver metastasis lesion was visible on the surface of the liver tissue (white
arrowed) in LDHA-OE group and the number of liver metastatic lesions in mice (n = 6 per group) was analyzed by counting the macroscopic
lesion from each hepatic lobe (***P < 0.001). H&E staining identified adenocarcinoma in the liver section of the LDHA-OE group, while no
liver metastasis lesion was identified with the control group (400×). The Ki-67 and LDHA expression in the histological sections was detected
by immunohistochemical (IHC) staining (n = 12 per group, 400×). NC: controlled cells; SH: LDHA knockdown cells; OE: LDHA
overexpressed cells
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F IGURE 3 Promoting LDHA enzymatic activity enhances proliferation, migration and invasion ability of LDHA knockdown cells. (A)
Intracellular lactate assay was performed with cells with exogenous LDHA expression. The graph represents the relative intensity of lactate
detected intracellularly in LDHA overexpressed (OE) and knockdown (SH) cells compared with that of the controlled (NC) cells (n = 6 per
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LDHA-SH cells (Figure 4C). Functionally, the addition
of compound C in LDHA-SH cells reversed the growth
and invasion inhibition by LDHA blockade (Figure 4D
and E). Consistently, blockade of mTOR activity by 10 nM
of Rapamycin activates AMPKa and suppresses mTOR
in LDHA-OE cells (P < 0.05) (Figure 4F). On the other
hand, Rapamycin showed no inhibition on LDHA pro-
tein expression in LDHA-OE cells (Figure 4F). Func-
tionally, the inhibition of mTOR on LDHA-OE cell with
Rapamycin suppressed the colonial formation capabilities
(Figure 4G) and invasion (Figure 4H) of pancreatic cells
induced by LDHA overexpression. Our results reveal that
the AMPK/mTOR signaling may be the downstream sig-
naling of LDHA-mediated proliferation and metastasis in
PAAD cells.

3.6 Berberine as an LDHA inhibitor
plays critical role in suppressing
LDHA/AMPK-mTORmediated cancer cell
progression

Observing LDHA overexpression inhibited AMPKa activa-
tion in pancreatic cancer cells, and knowing that berberine
is a well-reported AMPKa activator, we performed the
molecular docking analysis on berberine and LDHA. The
LDHA three-dimensional structure was obtained and
modeled using the known structure of human LDHA
(PBD IDL1I10). Through constructing a structural model
of LDHA with berberine, it was predicted that berber-
ine binds to LDHA (Figure 5A). Berberine showed a
FullFitness of −1292.49 kcal/mol and an estimated ΔG
of −7.32 kcal/mol for the most favorable interaction
with LDHA. Furthermore, surface plasmon resonance
(SPR) biosensor analysis was performed to investigate
the binding ability of LDHA to berberine. The results
illustrated that berberine could specifically bind to LDHA
(Kd = 4.590e−6 M) (Figure 5B). Moreover, berberine treat-
ment significantly suppressed intracellular lactate content
at 5 μΜ and 10 μΜ (P < 0.01 and P < 0.001, respectively)

and L-lactate release in both Panc-1 and Panc02 cell
lines (P < 0.05 and P < 0.01, respectively) (Figure 5C),
suggesting berberine as a functional inhibitor of LDHA
(Figure S7). Furthermore, berberine dose-dependently
suppressed AMPKa activation and LDHA expression
(Figure 5D) (P < 0.001). To further examine berberine’s
effect on LDHA expression, we performed in vitro cyto-
toxic assay of berberine on LDHA OE and SH pancreatic
cancer cells. It was observed that berberine potently
suppressed LDHA-OE pancreatic cancer cell growth. We
identified half-maximal inhibitory concentration (IC50)
approximately equal to 62.00 μM at 48-hour treatment in
LDHA-OE Panc-1 cells, and equal to 33.01 μM at 48-hour
treatment in LDHA knockdown Panc-1 cells. The IC50 of
Panc02 cells at 48-hour treatment for SH and OE cells was
33.72 μM and 62.87 μM, respectively (Figure 5E). Func-
tionally, exposure of L-lactate to berberine-treated cancer
cells attenuated the growth and invasion suppression by
berberine (Figure 5F and G), suggesting the restoration
of LDHA attenuated the suppressive effect of berberine
on PAAD. Interestingly, the AMPKa signaling activated
by berberine was attenuated in the presence of L-lactate
(Figure 5H). These results indicate that berberine binding
to LDHA suppressed LDHA/AMPKa signaling associated
with pancreatic cancer cell progression. It should be noted
that although LDHA inhibition plays a critical role in
the pancreatic cancer inhibition effect of berberine, it
is not the sole mechanism. Berberine also suppresses
mitochondrial membrane potential in the treated PAAD
cells (Figure S8), indicating other mechanisms shall be
considered.

3.7 Oral administration of berberine
suppressed proliferation and metastasis
of pancreatic cancer in vivo

To further examine the effect of berberine in PAAD, we
established pancreatic cancer orthotopic murine model in
C57BL/6N mice by orthotopically injecting Panc02 cells

group, **P < 0.01, ***P < 0.001). (B) Extracellular lactate assay was performed with cells with exogenous LDHA expression. The graph
represents the relative intensity of lactate detected in the culture supernatant of LDHA overexpressed (OE) and knockdown (SH) cells
compared with that of the controlled (NC) cells normalized per cell numbers (n = 6 per group, ***P < 0.001). (C) In vitro LDH release assay
was performed to assess LDH enzymatic activity among cells with differential LDHA expression. The graph represents the relative intensity of
LDH released detected in the culture supernatant (n = 6 per group, ***P < 0.001). (D) Colony formation assay was performed with controlled
cells (NC) and LDHA knockdown (SH) cells supplement with 10 mM L-lactate. The graph represents the percentage of area covered by
colonies after 10 days of incubation (n = 6 per group, **P < 0.01, ***P < 0.001). (E) Scratch wound healing assay was performed controlled
(NC) cells and LDHA knockdown (SH) cells supplement with 10 mM L-lactate. The graph represents the wound confluence percentage after
24 and 48 hours of incubation (n = 3 per group, *P < 0.05). (F) Boyden chamber invasion assay was performed for 24 hours with controlled
(NC) cells and LDHA knockdown (SH) cells with or without 10 mM L-lactate. The graph represents the percentage of area covered by
migrated cells after incubation (n = 6 per group, *P < 0.05, **P < 0.01, ***P < 0.001). NC: controlled cells; SH: LDHA knockdown cells; OE:
LDHA overexpressed cells
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F IGURE 4 L-lactate restores AMPK activation by LDHA knockdown and LDHA is an upstream of the AMPK-mTOR pathway. (A) The
expression of the indicated proteins was analyzed by immunoblotting. The graph represents the relative protein expression ratio of
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into the head of the pancreas. Bodyweight measurements
revealed that oral administration of berberine (5 and
10 mg/kg/2 days) had minimal effect on the body weight,
indicating that berberine had no observational toxicity
to the mice (Figure 6A). Survival analyses revealed that
berberine prolonged mice survival in the pancreatic
cancer model (P < 0.05) (Figure 6B). By the end of the
experiment, it was found that mice receiving vehicle had
enlarged pancreatic tumor and the presence of hepatic
metastatic lesions, while the mice that received berberine
treatment presented with a smaller pancreatic tumor and
no hepatic lesion on the surface of the liver (Figure 6C).
The reduction of pancreatic tumor size between vehicle
and berberine-treated groups was statistically significant
(P < 0.01). Serum analysis revealed that, compared to
the control group, berberine treatment suppressed serum
LDH level (P < 0.05) (Figure 6D). Further, the berberine
treatment group exhibited lower serum LDH-5 than that
of the control (P < 0.05) (Figure 6E). Moreover, berberine
treatment significantly suppresses serum L-lactate levels
in both the serum (Figure 6G) and tumor (Figure 6F)
of the orthotopic pancreatic cancer implantation model.
Further immunostaining showed that berberine potently
decreased LDHA expression in PAAD (Figure 6H). In
addition, H&E staining revealed adenocarcinoma lesion
of the pancreas and metastasis of tumor cells on the tissue
of the vehicle group (Figure 6H). A decrease in prolifer-
ation in berberine-treated mice liver and tumor tissues
compared to that of the vehicle control was also observed
by detecting the expression level of Ki67, a marker of cell
proliferation (Figure 6H). Moreover, considering immuno-
competent C57BL/6Nmice were used in the present study,
we further partially explored whether tumor-infiltrating T
cells play a role in tumor growth of the inhibition effect of
berberine. Our results preliminarily showed that berberine

treatment induces the number of T cells in the pancreatic
tumors (Figures 6I and S9). Together, these results suggest
that berberine suppressed tumor progression of PAAD in
vivo through functional inhibition of LDHA (Figure 6J).

4 DISCUSSION

At present, despite considerable efforts to improve
chemotherapy, the treatment outcome remains unsatis-
factory for pancreatic adenocarcinoma. It is of value to
develop simple and commonly used clinical parameters
to predict the risk of tumor metastasis, overall prognosis
and allow tailored treatment for individual patients.
Although various studies suggested that LDH could
indicate malignancies’ prognosis and is one of the risk
factors in the International Prognostic Index for aggressive
lymphoma and osteosarcoma. In PAAD, a meta-analysis
of 18 publications involving 3345 patients suggested that
serum LDH level was significantly associated with worse
overall survival; however, significant heterogeneities
remain upon subgroup stratification by ethnicity, sample
size, disease status, and survival analysis method and
treatment.22 To our knowledge, no differences in the
specific subtypes of LDH have been investigated. Further-
more, a previous study found that only 29% of colorectal
cancer patients with LDHA overexpression had elevated
serum LDH levels.23 In comparison, approximately 71% of
patients with LDHA overexpression levels showed normal
serum LDH levels,23 masking the diagnostic accuracy on
serum LDH. Our study demonstrated for the first time
that LDH-5, encoded by the LDHA gene, exerts better
prognostic value than serum LDH in pancreatic cancer
and may complement tissue LDHA levels in providing
prognosis information for patients with unresectable

pAMPKa/AMPKa and pmTOR/mTOR normalized to beta-actin compared to the controlled (NC) cells (n = 3 per group, **P < 0.01,
***P < 0.001). (B) LDHA knockdown (SH) cells were incubated with 10 mM L-lactate for 24 hours. The graph represents the relative protein
expression ration of pAMPKa/AMPKa and pmTOR/mTOR normalized to beta-actin compared to the nontreated knockdown (SH) cells (n = 3
per group, *P < 0.05, ***P < 0.001). (C) LDHA knockdown (SH) cells were incubated with 20 μMAMPK inhibitor (Compound C) for
24 hours. The graph represents the relative protein expression ration of pAMPKa/AMPKa and pmTOR/mTOR normalized to beta-actin
compared to the nontreated knockdown (SH) cells (n = 3 per group, *P < 0.05, **P < 0.01). (D) Colony formation assay was performed with
nontreated LDHA knockdown (SH) cells and LDHA-SH cells supplement with 20 μM Compound C. The graph represents the percentage of
area covered by colonies after 10 days of incubation (n = 6 per group, ***P < 0.001). (E) Boyden chamber invasion assay was performed for 24
hours with LDHA knockdown (SH) cells with or without 20 μM Compound C. The graph represents the percentage of area covered by
migrated cells after incubation (n = 6 per group, **P < 0.01, ***P < 0.001). (F) LDHA overexpressed cells were incubated with 10 nm
Rapamycin for 24 hours. The graph represents the relative protein expression ratio of pAMPKa/AMPKa and pmTOR/mTOR normalized to
beta-actin compared to the nontreated overexpressed (OE) cells (n = 3 per group, *P < 0.05). (G) Colony formation assay was performed with
LDHA overexpressed (OE) cells supplement with or without 10 nm Rapamycin. The graph represents the percentage of area covered by
colonies after 10 days of incubation compared to the nontreated overexpressed (OE) cells (n = 6 per group, *P < 0.05). (H) Boyden chamber
invasion assay was performed for 24 hours with LDHA overexpressed cells treated with or without 10 nm Rapamycin. The graph represents
the percentage of area covered by migrated cells after incubation (n = 6 per group, ***P < 0.001). NC: controlled cells; SH: LDHA knockdown
cells; OE: LDHA overexpressed cells
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F IGURE 5 Berberine suppressed pancreatic cancer proliferation and invasion by LDHA/AMPK pathway. (A) Berberine may direct bind
to LDHA, as predicted by molecular docking. (B) Surface plasmon resonance (SPR) biosensor analysis of berberine binding to LDHA. The
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pancreatic cancer, where obtaining tissue biopsy may be
difficult.
L-lactate overproduction, as the end product of glycoly-

sis, reflects aberrant tumor glucose metabolism and may
also serve as a metabolic derangement marker. Elevated
tumor L-lactate concentrations have been linked with
increased risk of subsequent development of metastases
in head-and-neck cancer patients.24 However, tumor L-
lactate concentrationmeasurements are limited in pancre-
atic cancer patients. The technique requires fresh-frozen
tumor samples obtained by biopsy of the primary site,24
which may be complicated with acute pancreatitis and
pancreatic fine-needle aspiration is common practice clini-
cally. As for serum lactate, a previous study failed to deter-
mine the correlation between the risk of metastasis with
maximum serum lactate levels in patients with lung can-
cer. Nevertheless, the study identified that elevated lac-
tate (1.4 mmol/L) was associated with significantly shorter
overall survival from days to weeks.25 This may be due to
the high comorbidity of critical conditions such as hyper-
lactatemia and acidosis in patients related to not only a
sole tumor-related cause but also oxygenation imbalance.
Our study investigated the baseline serum LDH and LDH-
5, which may better outline the long-term overall survival,
allow tailoring treatment for patients. It may be a surrogate
to monitor targeted inhibition of LDHA.
Currently, several LDHA inhibitors have been proposed

and are mainly involved in the following categories:
pyruvate-competitive, NADH-competitive, pyruvate and
NADH-competitive, free enzyme-binding inhibitor, and
others. Oxamate, ss a pyruvate analog, competes with
LDHA substrate, and its function as an LDHA inhibitor
has been extensively verified in vitro. However, the
effective dose of oxamate in vitro is too high for in vivo
administration due to limitedmembrane permeability.26,27
Gossypol, a natural phenol derived from cotton plants, is

another LDHA inhibitor that targets LDHA by competing
with NADH and promising antiproliferative effect.28–30
However, due to the potential interaction of gossypol with
different cellular components of biological functions, the
non-specific toxicity of gossypol has made further transla-
tional attempts unsuccessful.28,31 Research on other LDHA
inhibitors, such as FX11, Quinoline 3-sulfonamides, NHI,
PSTMB, and Galloflavin, remain mostly in vitro and are
similarly drawback by their nonspecific toxicity, low renal
clearance, or incompatible with oral bioavailability.32–35
Therefore, the development of a safe and effective novel
LDHA inhibitor with clinically achievable dosage remains
necessary.
Berberine is a quaternary ammonium salt from the

protoberberine group of isoquinoline alkaloids derived
from Coptidis Rhizoma. As an over-the-counter (OTC)
drug approved by the Chinese Food and Drug Adminis-
tration (CFDA), berberine is available to treat microbial-
dependent or -independent gastrointestinal disorders.
Over decades, scanty case of any undesirable effects has
been reported36 and berberine at a dose of 1.0-1.5 g daily
for three consecutive months is safe in multiple clini-
cal trials including Asian adults.37 In the present study,
we demonstrated that berberine significantly reduced
pancreatic cancer proliferation and invasion in vitro at
a dose as low as 5 μM and suppresses tumor growth
and metastasis at 5 mg/kg in vivo, equivalent to that
of approximately 25 mg daily for a 70 kg adult.38 How-
ever, berberine had been reported to have a poor pharma-
cokinetic profile, and the future application may require
combination administration, novel formulation technol-
ogy, and derivatization.39 The tumor suppression effect
of berberine may also be the consequence of mitochon-
dria inhibition through AMPK activation,40–42 apopto-
sis and autophagy induction,43–45 oxidative phosphoryla-
tion, and redox regulation46,47; thereby, although LDHA

sonograms for binding of berberine in serial concentration (1.5625, 3.125, 6.25, 12.5, 25 μM) to LDHA are shown. (C) Intracellular and
extracellular lactate assay were performed with cells incubated with 5 or 10 μM of berberine for 48 hours. The graph represents the relative
intensity of lactate detected intracellularly and in the culture supernatant normalized per cell number compared to the respective controlled
(NC) cells (n = 3 per group, *P < 0.05, **P < 0.01). (D) Control Panc02 and Panc-1 cells were incubated with 5 or 10 μM of berberine (BBR) for
48 hours. The graph represents the relative protein expression ration of pAMPKa/AMPKa and LDHA normalized to beta-actin compared to
the nontreated control cells (n = 3 per group, *P < 0.05, **P < 0.01, ***P < 0.001). (E) MTT assay showed that berberine suppressed Panc02
and Panc-1 pancreatic cancer cells proliferation and the cytotoxicities of berberine varies among different LDHA expression cells after
48 hours of incubation with berberine (n = 6 per group). (F) Colony formation assay was performed with controlled Panc02 and Panc-1 cells
treated with 5 μM berberine with or without supplementation with 10 mM L-lactate. The graph represents the percentage of area covered by
colonies after 10 days of incubation (n = 6 per group, **P < 0.01). (G) Boyden chamber invasion assay was performed for 24 hours with
controlled Panc02 and Panc-1cells treated with 5 μM berberine with or without supplementation with 10 mM L-lactate. The graph represents
the percentage of area covered by migrated cells after incubation (n = 6 per group, **P < 0.01). (H) Controlled Panc02 and Panc-1 cells were
incubated with or without 5 μM of berberine and supplanted with or without 10 mM L-lactate for 24 hours. The graph represents the relative
protein expression ration of pAMPKa/AMPKa and LDHA normalized to beta-actin compared to the nontreated control cells (n = 3 per group,
*P < 0.05, **P < 0.01, ***P < 0.001). BBR: berberine; IC50: half maximal inhibitory concentration; NC: controlled cells; SH: LDHA
knockdown cells; OE: LDHA overexpressed cells



20 of 25 CHENG et al.

F IGURE 6 Berberine exhibited anti-tumor effect in orthotopic pancreatic cancer implantation model. (A) Oral administration of
berberine had minimal effect on the body weight of C57BL/6N mice. (B) Compared to the control (CTL, n = 16) group, berberine (5 mg/kg,
n = 16 and 10 mg/kg, n = 16) can prolong survival in pancreatic cancer model (P = 0.0294). (C) Representative images of the dissected
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inhibition plays a critical role, this is not the sole mech-
anism of berberine on suppressing pancreatic cancer
cell progression. Furthermore, berberine was previously
reported as a mitochondrial respiration inhibitor and can
suppress mitochondrial complex I function in diabetic
murinemodels48; therefore, itmay be expected that berber-
ine induces lactic acidosis.48–50 On the contrary, our study
in pancreatic cancer models showed that berberine inhib-
ited LDHA expression, enzymatic activity, and lactate con-
tent in bothmurine serum and orthotopic tumors and pro-
longed survival in pancreatic cancer models. However, a
more extended observation period for survival data, further
investigation into the role of LDHA-dependent effect on
tumor-infiltrating T cells, and evaluating the precisemech-
anismof berberine in regulating pancreatic cancer remains
to be elucidated.
Cancer cells possess distinct metabolism to sustain

the energy need and provide sufficient biomaterials for
rapid proliferation and metastasis.51 As the by-product
of accelerated glycolysis, lactate accumulation in the
tumor microenvironment induces tumor escape from
immune surveillance by T and natural killer cells and pro-
motes tumor proliferation.52 Furthermore, lactate induces
tumor-associated-macrophage polarization into the M2-
like phenotype to resolve inflammation in Lewis lung
carcinoma (LLC) and B16-F1 (B16) melanoma murine
models.53 On the other hand, lactate accumulation is
linked to chronic inflammatory microenvironment. Previ-
ous studies suggested that the expression of SLC5A12, a
low-affinity sodium-coupled lactate transporter, by CD4+
T cell subset promotes lactate uptake and further supports
pro-inflammatory response by the CD4+ T cells.54,55
The high-energy demands of cancer cells had been

purposed to consequently increase in L-lactate produc-
tion without an oxidative phosphorylation.56 The L-

lactate-rich microenvironment subsequently induced cel-
lular metabolomic adaptation, along with the attempt to
reestablish glycolytic flux and mitochondrial oxidation,
generated macromolecules favoring cell division, reactive
oxygen species (ROS) signaling, genomic instabilities, and
cancer progression.57,58,59,60 Furthermore, the elevated cat-
alytic efficiency of glycolytic enzyme promoted L-lactate
secretion and formed an autocrine lactate loop promot-
ing malignant transformation.57,61,62 The possible role of l-
lactate metabolism and transport in cancer biochemistry
has long been ignored in cancer research63 and future
research is warranted.
Furthermore, lactate may also serve as a carbon

source in tricarboxylic acid (TCA) cycle, and tumor
cells exhibit autonomous lactate uptake to comple-
ment glucose metabolism in human nonsmall-cell lung
cancers(NSCLC).64 It is worth noting that Kras-mutant
NSCLC showed heterogenous lactate labeling compared to
the adjacent lung, highlighting that heterogenous lactate
metabolism may be associated with Kras mutation.64
In pancreatic cancer, the signature genetic mutational
landscape of over 90% of Kras oncogene mutations plays a
critical role in controlling tumormetabolism by enhancing
glucose uptake, accelerating glycolytic flux, and increasing
lactate production and fuelling cancer progression.65,66
Previous studies investigating the mRNA expression pro-
filing of doxycycline-induced oncogenic Kras expression
showed that oncogenic Kras contributes to enhanced
glycolytic flux by transcriptionally upregulating LDHA
expression.66 Additionally, the metabolomic changes
were highly concordant with transcriptional changes,
such as oncogenic Kras extinction, leading to decreased
lactate production, suggesting oncogenic Kras regulates
glycolysis rate limiting enzyme LDHA and is essential for
glucose utilization.66 Furthermore, as PAAD exhibits

pancreas and liver at the end of berberine treatment showing that berberine intervention can regress orthotopic growth of implanted
pancreatic cancer and suppress liver metastasis. The graph represents the orthotopic tumor size of the controlled group mice (CTL, n = 6),
5 mg/kg berberine group (n = 9) and 10 mg/kg berberine group (n = 7) by the end of the 4-week intervention (**P < 0.01). (D) Compared to
the control group, berberine treatment (5 mg/kg, n = 9 and10 mg/kg, n = 7) suppresses serum LDH level (*P < 0.05). (E) a shift of serum LDH
isoenzyme to LDH-5 was found and berberine treatment group exhibit lower serum LDH-5 than that of the control (*P < 0.05). (F) Compared
to the control (CTL, n = 6) group, berberine (5 mg/kg, n = 6, and 10 mg/kg, n = 6) treatment suppresses serum L-lactate level (*P < 0.05,
**P < 0.01) in murine in orthotopic pancreatic cancer implantation model. (G) Compared to the control (CTL) group, berberine (5 mg/kg and
10 mg/kg) treatment suppresses intratumoral L-lactate level (n = 6 each group, **P < 0.01) in murine in orthotopic pancreatic cancer
implantation model. (H) Representative histological and immunohistochemistry (IHC) photomicrographs of the tumor in individual groups.
Paraffin-embedded tumor tissues were stained with hematoxylin and eosin (H&E), anti-Ki67 antibody and anti-LDHA antibody to determine
the pathological type, proliferation, and LDHA expression of the tumor cells upon different treatments. The graph represents the percentage
of Ki-67 and LDHA-positive cells of pancreatic and liver lesions in control group (CTL, n = 6), 5 mg/kg berberine group (n = 6) and 10 mg/kg
berberine group (n = 6) (**P < 0.01, ***P < 0.001). (I) Representative histological and immunofluorescent (IF) photomicrographs of the
pancreatic orthotopic lesions. Paraffin-embedded tumor tissues were stained with DAPI (Blue), anti-CD3 (Red), anti-CD4 (Green), and
anti-CD8 (Green) antibody in individual groups upon different treatments. (J) The schematic representative of regulatory mechanism
underlying LDHA-mediated inhibition of pancreatic cancer by berberine. CTL: control group; LDH: lactate dehydrogenase; HE: hematoxylin
and eosin staining; LDHA: lactate dehydrogenase A
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characteristically dense stromal and low vascular
density,67 whether and how the end product of gly-
colysis, lactate, alters immune cell function in this unique
tumor microenvironment warrants further studies.
In the present study, we have investigated the

LDHA/AMPK-mTOR axis, and we speculate that LDHA
might also regulate by other pathways and transcription
factors. It is possible that the LDHA overexpression
promoted L-lactate production, and increased L-lactate as
characterized by L-lactate production further suppresses
AMPK activation. Via the inducing L-lactate production
of LDHA overexpressed cells, extracellular acidification
may play crucial roles in tumor proliferation, angio-
genesis, the epithelial-to-mesenchymal transition, local
invasion, and the formation of distant metastases. The
role of LDHA/LDH5 and lactate transporters (eg, the
MCT family) and the pathway associated with glucose
metabolism, energy homeostasis, hypoxia, and tumor
microenvironment requires further investigations until
the development of specific inhibitors for clinical use.

5 CONCLUSIONS

In summary, based on the in vitro and in vivo func-
tional studies, our study demonstrated that LDHA is
overexpressed in PAAD and is associated with PAAD pro-
gression. Our clinical and mechanistic findings indicated
that LDHA overexpression leads to increased pancreatic
cancer growth and metastasis, and vice versa. LDHA
overexpression reduced the phosphorylation of metabolic
regulator AMPK and promoted the downstream mTOR
phosphorylation in PAAD cells. Inhibition of mTOR
repressed the LDHA-induced PAAD cell proliferation and
invasion. This study identifies a novel biomarker that can
be detected in noninvasive means for identifying patient
subgroup for treatment, and found anew therapeutic agent
for controlling pancreatic cancer. We found that the func-
tional inhibition of LDHA by a natural product, berberine,
reduced activity, and protein expression in PAAD cells at a
clinically achievable dose. Berberine inhibited the in vitro
proliferation and invasion of PAAD cells and suppressed
tumor progression in vivo. The restoration of LDHA
attenuated the suppressive effect of berberine on PAAD.
Together, our findings suggest that LDHAmay be a poten-
tial therapeutic target in the treatment of human PAAD.
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