
Abstract. Background/Aim: In this study, we evaluated the
effect of galloflavin, an inhibitor of lactate dehydrogenase,
in combination with metformin, an anti-diabetic drug and
inhibitor of oxidative phosphorylation, on pancreatic ductal
adenocarcinoma cells. Materials and Methods: We explored
the effect of galloflavin and metformin on proliferation and
cell death of murine 6606PDA and human MIA PaCa-2
cells. Results: We observed that monotherapies of galloflavin
and metformin both inhibit proliferation and induce cancer
cell death. Moreover, the combination of both agents
increased these effects on pancreatic ductal adenocarcinoma
cells. The inhibition of proliferation by this combination
therapy can be detected under hypoxic and normoxic
conditions, leading to the assumption that this therapy might
impair insufficiently supplied solid tumors as well as small
clusters of cancer cells, e.g. after metastatic dissemination.
Conclusion: Galloflavin, especially in combination with
metformin, has a strong anti-cancerous effect on pancreatic
ductal adenocarcinoma cells.

Pancreatic cancer patients have a very poor five-year relative
survival of 9% for all stages (1). Hence, pancreatic cancer is
the fourth leading cause of cancer-related death in both
women and men in the USA. This demonstrates that surgical
intervention plus adjuvant chemotherapy still lacks the
needed efficacy to treat most of these patients successfully.
Recent studies state that long-term ingestion of metformin,
an often used anti-diabetic drug, is likely to reduce the risk
of diabetic patients for the development of pancreatic cancer
(2, 3). It was also suggested that metformin improves the
survival of patients, who suffer from pancreatic cancer (4-

6). However, Wei et al. published a meta-analysis stating that
mainly studies, which might be flawed by not considering
the so-called immortal time bias, show an effect of
metformin on pancreatic cancer (7). Moreover, Kordes et al.
demonstrated that therapy with a regularly low anti-diabetic
dose of metformin, besides standard chemotherapy, does not
improve the overall survival compared to standard
chemotherapy alone (8). However, this publication also
suggested that patients with high metformin concentration in
the blood might survive longer (8, 9). Thus, it is still
controversially discussed, if this drug has an anti-cancerous
effect and if metformin should be applied in combination
with standard therapies or needs to be tested in combination
with other experimental drugs. The anti-cancerous effect of
metformin has been suggested to be mediated by its
inhibition of oxidative phosphorylation (9), which is a key
process to generate ATP. Another promising option for an
effective chemotherapy is the inhibition of lactate
dehydrogenase A (LDH-A) (10), which is a key enzyme in
cancer, because cancer cells often favor metabolism via
glycolysis (11-13). Indeed, genetic disruption of lactate
dehydrogenases ablates the Warburg effect and restricts
tumor growth (14). Thus, we decided to use galloflavin, an
inhibitor of LDH, to evaluate if it inhibits proliferation and
can induce death in pancreatic cancer cells. We also tested
the combination therapy, galloflavin plus a high dose of
metformin, in order to gain a therapeutic benefit by
impairing oxidative phosphorylation and glycolysis.

Materials and Methods

Reagents. Dimethyl sulfoxide (DMSO, code: D2438, Sigma-
Aldrich, Darmstadt, Germany), phosphate buffered saline pH 7.4
(PBS, code: 10010-015, Thermo Fisher Scientific, Waltham, MA,
USA), galloflavin (code: 4795, Tocris, Wiesbaden-Nordenstadt,
Germany), metformin (code: D150959, Sigma-Aldrich), trypan blue
(code: 15250, Thermo Fisher Scientific). 

Cell culture and treatments. The murine pancreatic adenocarcinoma
cell line 6606PDA, a gift from Prof. Tuveson (University of
Cambridge, UK), and the human pancreatic cancer cell line MIA
PaCa-2, which was purchased from ATCC (Manassas, VA, USA),
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were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
code: FG0435, Biochrom GmbH, Berlin, Germany) containing 4,5 g/l
glucose (high glucose) or in DMEM (Biochrom GmbH)
supplemented with glucose to a concentration of 0.5 g/l (low glucose).
The media were supplemented with 10% fetal calf serum (FCS, code
S0615, Biochrom GmbH), 100 units/ml penicillin and streptomycin
(code A2212, Biochrom GmbH) and 8 μg/ml Tylosin (code: T3397,
Sigma-Aldrich). The cells were treated with vehicle (DMSO), 5 μM,
20 μM, 80 μM and 320 μM of galloflavin or each dosage combined
with 20 mM of metformin. In order to evaluate the influence of
oxygen supply on drug efficacy, 6606PDA cells were cultured with
the above drugs for 30 h under normoxic (19% oxygen) or hypoxic
(1% oxygen) conditions in an Innova® CO-48-230 incubator (New
Brunswick Scientific Co., Inc., Edison, NJ, USA).

Evaluation of lactate concentration, proliferation and cell death.
Lactate was quantified in the cell lysate and supernatant by the lactate
colorimetric assay kit II (BioVision Incorporated, Milpitas, CA, USA)
after treating the cells with 80 μM galloflavin or vehicle (DMSO) for
30 h (4×103 cells per well were plated in a 96-well plate). Since high
FCS concentrations interfered with the lactate assay, the cells were
grown in medium only supplemented with 1% instead of 10% FCS.

For assessing proliferation, a kit (code: 11 647 229 001, Roche,
Basel, Switzerland), which measured 5-bromo-2’-deoxyuridin (BrdU)
incorporation into cells was used. After plating 8×103 6606PDA or
4×103 MIA PaCa-2 cells per well in a 96-well plate, the cells were
treated the next day with the indicated drugs for 24 h. The BrdU assay
was then performed as suggested by the manufacturer and the absolute
absorption at 450 nm was determined using a PerkinElmer Victor X3
plate reader (PerkinElmer Inc., Waltham, MA, USA).

Cell death was quantified by trypan blue staining of cells. This dye
stains cells, which are necrotic or in a late stage of apoptosis. In order
to quantify dead cells, 3×104 6606PDA or 2.5×104 of MIA PaCa-2
cells per well were plated in a 24-well plate. On the following days
the cells were treated for 30 h with the indicated drugs, detached by
treatment with trypsin-EDTA (Biochrom) and stained with trypan
blue solution (Thermo Fisher Scientific). Afterwards a representative
amount of 100 cells per well were counted using a Neubauer counting
chamber. The stained and unstained cells were evaluated to obtain the
percentage of trypan blue positive cells. 

Statistics. The graphs and statistics were performed with GraphPad
Prism 6 (version 6.05 for Windows, GraphPad Software, La Jolla,
CA, USA). The results are presented as line plots with mean and
standard deviation or as box plots indicating the median, the 25th
and 75th percentile in the form of a box with the 5th and 95th
percentiles as whiskers. Differences between the groups were
evaluated by the two-tailed Mann-Whitney rank-sum test, followed
by Bonferroni correction. Thus, differences with p≤0.05 divided by
the number of meaningful comparisons were considered to be
significant while differences with p≤0.08 divided by the number of
meaningful comparisons were considered to show a tendency.

Results

Galloflavin inhibits lactate production. At first, the lactate
metabolism of 6606PDA cells was characterized by treating
these cells with distinct concentrations of glucose and

oxygen. The lactate concentration was significantly
increased in high glucose medium when compared to low
glucose medium both in the cell lysate and the cell
supernatant (data not shown). A significantly higher lactate
concentration under hypoxic conditions was also observed
in the cell supernatant, but was not detected in the cell
lysate, when compared to normoxic conditions (data not
shown). This suggests that lactate production of 6606PDA
cells is induced by glucose and hypoxia. The inhibition of
lactate production by galloflavin depends on the dosage
(Figure 1A) and is significant at a dosage of 80 μM when
compared to the vehicle treatment (Figure 1B). A similar
dosage-dependent decrease of the lactate concentration
caused by galloflavin was observed in the cell supernatant
(Figure 1C) and is significant at a galloflavin concentration
of 80 μM compared to vehicle treatment (Figure 1D). The
proportional decrease of the intracellular and extracellular
lactate concentrations after galloflavin treatment suggests
that galloflavin doesn’t interfere with the cellular efflux of
lactate but impacts the production of lactate by inhibition of
lactate dehydrogenase. 

Galloflavin and metformin inhibit proliferation. A dose-
dependent decrease in proliferation was observed when
treating 6606PDA cells with galloflavin (Figure 2A). Adding
20 mM metformin caused additional inhibition of proliferation
(Figure 2A). Treatment with 20 mM metformin slightly
reduced proliferation, whereas 80 μM of galloflavin caused
significant inhibition of proliferation when compared to
vehicle treated control cells (Figure 2B). The combination
therapy of 80 μM of galloflavin plus 20 mM of metformin
also caused a slight decrease in proliferation when compared
to galloflavin treated cells and a significant decrease in
proliferation when compared to metformin treated cells
(Figure 2B). A similar dose dependence in inhibiting cell
proliferation is observed when treating MIA PaCa-2 cells with
galloflavin (Figure 2C). At the concentration of 5 and 20 μM
of galloflavin the addition of 20 mM metformin caused a
significantly increased inhibition of proliferation (Figure 2C).
In this cell line, the combination of 20 μM galloflavin plus
20 mM metformin reduced proliferation significantly when
compared to vehicle treated or galloflavin treated cells
(Figure 2D). These data suggest that galloflavin and
metformin have an additive effect in inhibiting proliferation
of pancreatic cancer cells.

Galloflavin and metformin induce cell death. In 6606PDA
cells, galloflavin induced cell death in a dose-dependent
manner in the absence and presence of metformin (Figure
3A). At the concentrations of 5 and 20 μM galloflavin the
addition of 20 mM metformin caused a significantly
increased induction of cell death (Figure 3A). Treatment with
20 mM of metformin or 80 μM galloflavin induced
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significant cell death, when compared to control treated cells
(Figure 3B). The combination of metformin plus galloflavin
induced slightly more cell death than galloflavin and
significantly more cell death than metformin monotherapy
(Figure 3B). In MIA PaCa-2 cells, galloflavin also induced
cell death in a dose-dependent manner in the absence or
presence of metformin (Figure 3C). However, adding
metformin did not significantly increase galloflavin-induced

cell death (Figure 3C and D). These findings suggest, that
only in some cell lines an additive effect on cell death can
be observed when treating pancreatic cancer cell lines with
metformin plus galloflavin.

Galloflavin and metformin inhibit proliferation under
normoxic and hypoxic conditions. In order to evaluate if
hypoxia influences the efficacy of galloflavin and
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Figure 1. Inhibition of lactate metabolism in 6606PDA cells. (A) Galloflavin reduces lactate concentration in a dosage-dependent manner in the
cell lysate. (B) 80 μM galloflavin (g) leads to a significant reduction of lactate concentration when compared to vehicle treated cells (c) used as
control. (C) A similar dosage dependence and (D) significant reduction of lactate concentration was observed when analyzing the cell supernatant.
Significant differences: *p≤0.029 (B), *p≤0.004 (D); n=4 (A), n=4 (B), n=4 (C), n(c)=8 and n(g)=4 (D).



metformin, the cells were treated with these drugs for 30 h
under normoxic or hypoxic conditions. Under both
conditions, 20 μM galloflavin only slightly inhibited

proliferation, whereas metformin monotherapy caused a
significant inhibition of proliferation (Figure 4A and B).
The galloflavin plus metformin combination therapy
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Figure 2. Metformin and galloflavin inhibit the proliferation of pancreatic cancer cells. (A) Galloflavin (g) and metformin plus galloflavin (g+m)
reduce the proliferation of 6606PDA cells in a dosage-dependent manner. (B) Compared to vehicle treated cells (c) the proliferation of 6606PDA
cells is slightly reduced by metformin (m) and significantly reduced by 80 μM galloflavin (g) and the combination of galloflavin plus metformin.
(C) A similar dosage dependence is observed in MIA PaCa-2 cells. (D) Compared to vehicle treated cells (c) the proliferation of MIA PaCa-2 cells
is slightly reduced by metformin (m) and significantly reduced by 20 μM galloflavin (g) and the combination of galloflavin plus metformin. Significant
differences: *p≤0.005 (B); *p≤0.004 (C); *p≤0.009 (D); n=10 (A), n=12 (B), n=6 (C), n=6 (D).



significantly inhibited proliferation when compared to the
monotherapies (Figure 4A and B). This suggests that a
combination treatment with galloflavin and metformin
could inhibit proliferation in e.g. hypoxic large solid tumors
as well as in normoxic smaller clusters of cancer cells, e.g.
after metastatic dissemination.

Discussion

In this study we confirmed that galloflavin inhibits lactate
production. We found that there is an additive effect of
metformin and galloflavin on the inhibition of proliferation
and the induction of cell death in pancreatic cancer cells.
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Figure 3. Metformin and galloflavin induce cell death in pancreatic cancer cells. (A) Galloflavin (g) and metformin plus galloflavin (g+m) induce
cell death of 6606PDA cells in a dosage-dependent manner. (B) Compared to vehicle treated cells (c) cell death of 6606PDA cells is significantly
increased by metformin (m), 80 μM galloflavin (g) and the combination of galloflavin plus metformin. (C) A similar dosage dependence is observed
in MIA PaCa-2 cells. (D) Compared to vehicle treated cells (c) the cell death of MIA PaCa-2 cells is induced by metformin (m), 80 μM galloflavin
(g), and the combination of galloflavin plus metformin. Significant differences: *p≤0.009 (A), *p≤0.030 (B); n=6 (A), n=6 (B), n=4 (C), n=4 (D).



Furthermore, we observed that the inhibition of proliferation
by this combinational therapy can be detected under hypoxic
and normoxic conditions, leading to the assumption that this
combinational therapy could impair insufficiently supplied
solid tumors as well as small normoxic clusters of cancer
cells, e.g. after metastatic dissemination. 

The anti-cancerous effect of metformin, as demonstrated in
this study, is consistent with numerous previous publications,
which also indicate that metformin monotherapy inhibits
pancreatic cancer cell proliferation and induces apoptosis (15-
17). Galloflavin has, to our knowledge, not been tested in
pancreatic cancer cells. The observed anti-cancerous effects of
galloflavin are, however, consistent with observations
demonstrating that galloflavin impairs cell expansion of
various cell lines (18-21). The presented data also demonstrate
that the combination of galloflavin and metformin has an
additive anti-cancerous effect, which suggests that inhibition
of LDH and oxidative phosphorylation might be a useful
strategy to treat cancer. 

However, it is still controversial which drugs might be
best for such a combination therapy. For example, there are
promising studies demonstrating that other LDH inhibitors
such as N-hydroxyindole-2-carboxylates and FX11 can
impair cancer cell proliferation (22, 23). 

Furthermore, one study by Miskimins et al. suggests that the
combination of phenformin, a biguanide inhibiting oxidative
phosphorylation, and the LDH inhibitor oxamate synergistically

induces cancer cell death in breast, lung, melanoma, colon,
prostate and tonsil cancer cells (24). At first glance, phenformin
seems to be a more appropriate drug than metformin, because
it has a higher efficacy in inhibiting oxidative phosphorylation
(24, 25). Yet, it has also a higher risk of inducing lactate
acidosis (26, 27), whereas metformin is known for its safer use
in patients (27, 28). Other alternatives for metformin could be
the highly potent and selective inhibitor of oxidative
phosphorylation, called IACS-010759 (29). Oxamate, since it
inhibits LDH, can in principle be used in combination with
metformin or other inhibitors of oxidative phosphorylation.
However, oxamate is a very old drug, which is hydrophilic and
is known to penetrate the cytoplasmic membrane poorly,
suggesting that it is a good LDH inhibitor for biochemical
studies using protein extract, but a poor inhibitor when using
entire cells (30, 31). Oxamate has also an about 500-fold higher
IC50 than galloflavin when applied to whole cells (31). Thus,
there are some aspects suggesting that galloflavin is superior to
oxamate and that metformin has advantages over phenformin.
In conclusion, this study suggests that a galloflavin metformin
combination therapy should be tested in preclinical studies for
treating pancreatic cancer.
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Figure 4. Metformin and galloflavin inhibit the proliferation of pancreatic cancer cells under normoxic and hypoxic conditions. Compared to vehicle
treated cells (c) the proliferation of 6606PDA cells is slightly reduced by 20 μM galloflavin (g) and significantly reduced by 20 mM metformin (m)
and the combination of galloflavin plus metformin (g+m) under (A) normoxic and (B) hypoxic conditions. Significant differences: *p≤0.008 (A),
*p≤0.008 (B); tendentious difference: #p≤0.016 (B), n=5 (A), n=5 (B).
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