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Abstract

Ovarian cancer is a devastating disease due to its high
incidence of relapse and chemoresistance. The tumor micro-
environment, especially the tumor stroma compartment, was
proven to contribute tremendously to the unsatisfactory che-
motherapeutic efficacy in ovarian cancer. Cytotoxic agents not
only effect tumor cells, but also modulate the phenotype and
characteristics of the vast stromal cell population, which can in
turn alter the tumor cell response to chemointervention. In this
study, we focused on the tumor stroma response to cytotoxic
agents and the subsequent effect on the ovarian cancer tumor
cells. First, we found a significant stromal overexpression of IL6
in patient samples that received cisplatin-based treatment,
which was further validated in purified fibroblasts challenged
with cisplatin. Stromal fibroblast–derived IL6 was proven to
mediate ovarian cancer tumor cell chemoresistance. For the first
time, we found that the tumor stroma of patients with routine

metformin administration exhibited lower IL6 expression.
Thus, we presumed that metformin was a potent alleviator of
stromal inflammation in ovarian cancer. We found that met-
formin partly reversed cisplatin-stimulated IL6 secretion in the
stromal fibroblasts and attenuated fibroblast-facilitated tumor
growth in 3D organotypic cocultures and murine xenograft
models. Mechanistically, we found that metformin inhibited
IL6 secretion via suppressing NFkB signaling, an upstream
controller of stromal inflammation. Collectively, our findings
introduced a novel mechanism of metformin in suppressing
ovarian cancer progression through diminishing chemothera-
py-induced stromal activation. Therefore, we provide an alter-
native therapeutic option in targeting stromal inflammation
and a potential scheme of combination therapy to improve
the chemosensitivity in ovarian cancer. Mol Cancer Ther; 17(6);
1291–302. �2018 AACR.

Introduction
Ovarian cancer is the most fatal malignant gynecologic disease

due to its high incidence of relapse and chemoresistance (1).
Although the characteristic disease progression has long been
considered as being driven by genomic instability, chromosomal
alterations, and genetic mutations of tumor cells, the influence of
stromal cells on the tumor microenvironment (TME) is now
widely appreciated (2, 3). TME, especially the stromal compart-
ment, not only plays an important role in cancer progression and
metastasis, but also effects the therapeutic efficacy (4). The TME
comprises various kinds of stromal cells such as endothelial cells,

fibroblasts, and immune cells. Distinct stromal cell types exhibit
tumor-promoting or -opposing tumoricidal functions in different
situations (2, 3). During chemotherapy, cytotoxic agents not only
effect tumor cells, but also modulate the phenotype and char-
acteristics of the vast stromal cell population. As a result, tumor
response to chemotherapy involves crosstalk between tumor cells
and the surrounding changing supportive stromal cells (5).

As the main component of the stroma in the TME, cancer-
associated fibroblasts (CAF), different from normal fibroblasts
(NF), exert inherent support to tumor cells via cell-to-cell contact
and the secretion of soluble cytokines, including growth factors,
inflammatory factors, chemokines, and extracellular matrix
(5–7). CAF-mediated inflammation has been reported to facili-
tate multiple hallmark capabilities of tumors. For example, CAF-
induced inflammation was reported to promote macrophage
recruitment, neovascularization, and tumor growth via NFkB
signaling in a murine model of squamous cell carcinoma (8).
Meanwhile, CAFs with a proinflammatory phenotype have been
identified as the major supportive stromal cells due to the secre-
tion of soluble mediators that drive angiogenesis and enhance
tumor cell survival (4). For example, CD90-positive CAFs were
validated as the major source of IL6 and subsequently contribute
to the stem cell property in colon cancer (9). When tumors suffer
from stress such as radiotherapy and chemotherapy, CAFs inside
can be transformed into a stronger proinflammatory phenotype
and the inflammation cascade can be triggered more intensely
(10, 11). As a result, the chemotherapy-induced stromal inflam-
mation could directly activate the survival signals in tumor cells.
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The activation of NFkB signaling in chemotherapy-treated CAFs
was reported to contribute toWNT signaling–associated chemore-
sistance in prostate and breast cancer (12). In addition, chemo-
therapy-induced stromal inflammation can lead to extracellular
matrix (ECM) remodeling and angiogenesis and subsequently
provide tumor cellswith aphysical barrier andmicroenvironment
niche against the cytotoxic agents (13). Considering the crucial
role of chemotherapy-induced stromal inflammation in chemore-
sistance, we sought to investigate the existence of proinflamma-
tory fibroblasts in chemotherapy-treated ovarian cancer tumor
tissues and the subsequent influence on chemoresistance in
ovarian cancer tumor cells.

Metformin administration was first reported to be likely asso-
ciatedwith a reduced risk of cancer in patientswith type II diabetes
in 2005 (14). Recently, more evidence has revealed its anticancer
potency in various cancers (15).Metforminhadbeenproven to be
cytostatic and even cytotoxic to ovarian cancer cells depending on
doses in vitro (16). Furthermore, metformin combined with
current chemotherapies in murine xenograft models of ovarian
cancer (17, 18) and other cancers (lung, bladder, colon, breast,
etc.) has been confirmed to synergistically repress tumor growth
(19–22). Initial explanations attributed its effect to directly
decreasing energy consumption, fatty acid, and protein synthesis
via themediation of AMPK/mTOR signaling and indirect restraint
of the PI3K/AKT cascade (23–25). More detailed research found
that the inhibition of complex I in the respiratory transport chain
and metabolism-associated enzymes of mitochondria were
involved in its anticancer mechanisms (26). In addition, disturb-
ing the metabolism of tumor cells, metformin upregulating
DICER and tumor-suppressive miRNAs was reported in breast
cancer (27, 28). Moreover, selective targeting of the cancer stem
cells has been reported in ovarian, breast, and pancreatic cancers,
which involved the inhibition of STAT3 and other survival signals
(17, 29–32). However, most research on the anticancer effects of
metformin has been focused only on the tumor cells. There have
been few studies on the surrounding stromal cells in the TME,
rendering existing mechanisms incomplete. We found that ovar-
ian cancer tumor stroma in patients with metformin administra-
tion exhibit lower IL6 expression. Moreover, metformin has been
proven to be an anti-inflammatory and anti-fibrotic agent in
inflammation and fibrosis-associated diseases but there is little
evidence in malignant diseases (33). Thus, in this study, we
adopted metformin as a potential alleviator of stromal inflam-
mation in ovarian cancer.

Here, we investigate the effects of metformin on the proin-
flammatory stromal fibroblasts and the subsequent influence
on the ovarian cancer tumor cells. To the best of our knowl-
edge, we found for the first time that ovarian cancer tumor
stroma of patients with metformin administration exhibit
lower IL6 expression. This study proved that cisplatin could
stimulate the overexpression of stromal IL6, which in turn
promoted ovarian cancer tumor cell chemoresistance. Metfor-
min pretreatment partly reversed cisplatin-stimulated IL6 secre-
tion in stromal fibroblasts and alleviated fibroblast-facilitated
tumor growth in 3D organotypic cocultures and murine xeno-
graft models. Finally, NFkB was demonstrated to be responsi-
ble for the regulation of metformin in the chemotherapy-
induced inflammatory response. This finding and different
perspectives involving the TME would complement the anti-
cancer mechanisms of metformin and likely provide more
supportive evidence for using metformin as an inflammation

inhibitor in combination with conventional chemotherapy in
ovarian cancer.

Materials and Methods
Cell culture and chemicals

The ovarian cancer cell lines SKOV3 were obtained from ATCC
in 2013. The fibroblast cell line MRC5 was purchased from the
Chinese Academy of Sciences (Beijing, China) in 2015. All the cell
lines were authenticated by their source organizations prior to
purchase, routinely checked for mycoplasma contamination, and
used within 4months after frozen aliquot recovery. Primary CAFs
were obtained from tumor tissues of epithelial ovarian cancer
patients who had received cisplatin-based chemotherapy or not
with informed written consent from all patients (Supplementary
Table S1) by previously described approaches (34), and the study
was approved by the Ethics Committee at the Academic Medical
Center of Huazhong University of Science and Technology
(Hubei, China). The SKOV3 cell line was maintained in McCoy
5A. MRC5 and primary CAFs were cultured in DMEM/F-12 (1:1)
with 10% FBS (Gibco) and 1% penicillin/streptomycin. All of the
above cells were cultured in a humidified incubator at 37�C
and 5% CO2. MRC5 was cultured with TGF-b1 (50 ng/mL;
Sigma-Aldrich) for a week to obtain the transformedMRC5-CAFs
fibroblasts. The CMV-Luc-IRES-GFP lentivirus was transduced to
SKOV3 stably for SKOV3-luc in vivo imaging. Metformin
(PHR1084-500MG) and cDDP (P4394-1G)were purchased from
Sigma-Aldrich. Bay11-7082 (catalog no. S2913) was purchased
from Selleck Chemicals.

GEO datasets and online analysis
GSE40595 and GSE33612 profiling data were downloaded as

raw data from the Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo) and process data were obtained from the
online analysis tool GCBI (https://www.gcbi.com.cn). Different
analyses between the control and metformin group profiles in
GSE33612 were also performed via the GCBI online tool.
Transcription factor target and KEGG pathway analysis of the
metformin_downregulated signature were conducted online
(http://www.webgestalt.org)

Gene set enrichment analysis and single sample GSEA
To determine the enrichment score of particular signatures

positively correlated with IL6 expression in ovarian cancer tumor
profiling of the TCGAdataset andGSE40595, gene set enrichment
analysis (GSEA) was conducted using publicly available software
from the Broad Institute (Cambridge, MA). Most gene signatures
associated with stroma activation were selected from the MSigDB
signature datasets, and signatures such as "chemoresistance_as-
sociated_stroma," "metformin_downregulated" signature, and
"senescence_associated_secretory_phenotype" (SASP) were intro-
duced from published profiles (Supplementary Table S2).

To analyze different activation degrees of specific gene signa-
tures between CAFs and NFs in GSE40595, we first used single
sample GSEA (ssGSEA) to generate activation scores as described
previously (35) and a further differential analysis was conducted
using GSEA (Supplementary Tables S3 and S4).

Western blot analysis and flow cytometry
Fibroblasts and tumor cells were lysed in RIPA lysis buffer

(Beyotime) with a protease inhibitor cocktail (Roche). For each
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sample, 50 mg of protein was separated using SDS-PAGE and then
transferred onto polyvinylidene difluoride membranes for blot-
ting with primary antibodies as follows: IL6 (ab154367), p-p65
(ab86299), p65 (ab32536), p-AMPK (ab92301), AMPK
(ab32047), aSMA (ab28052), CD206 (ab8918), CD163
(ab182422), cleaved PARP (ab136812), cleaved caspase-3
(ab32042), and GAPDH (ab9485). The antibodies were pur-
chased from Abcam. Antibodies against p-STAT3 (#9145) and
STAT3 (#9139) were obtained from Cell Signaling Technology.
Horseradish peroxidase–linked secondary antibody (Abcam)
was then added and finally detected using an enhanced chemi-
luminescence system (Pierce).

Flow cytometry on freshly isolated CAFs using PE anti-human
PDGFRa Antibody (BioLegend, Catalog no. 323506) was per-
formed as described by the protocol steps online (https://www.
biolegend.com/protocols/cell-surface-immunofluorescence-
staining-protocol/4283/), and data were analyzed using
FlowJo (Tree Star) software.

Immunofluorescence, IHC, and Masson trichrome staining
Optimal cutting temperature compound (OCT)- and paraffin-

embedded tissues of ovarian cancer tumorwereobtained from the
Department of Gynecology at Tongji Hospital (Wuhan, China)
with informed written consent from all patients (Supplementary
Table S1). OCT frozen sections included matched tumor samples
before and after cisplatin-based chemotherapy from patients
diagnosed with advanced (stages III and IV) serous adenocarci-
noma. Paraffin-embedded tissues were obtained from ovarian
cancer patients suffering from type II diabetes with metformin
administration or not. Immunofluorescence for the sections and
cells was performed as described previously (36). R488, M555,
andM488 (Miltenyi Biotec) were employed as fluorescein-linked
secondary antibodies. IHC staining for p-p65 and IL6 expression
was conducted as described in our previous work (37). Masson
trichrome (Sigma-Aldrich, HT15) staining was conducted as
performed previously (38) on the paraffin-embedded sections
of the xenograft tumors. Images were taken using an Olympus
BX53 microscope (Olympus Corporation). Immunostaining
scoring was evaluated for staining intensity and positively stained
areas as described previously (39).

Cell viability assay
For cell viability assays, 8,000 SKOV3 cells stimulated with CM

fromMRC5-CAFs or primary CAFs were seeded in 96-well plates.
At first, in themetformin-primed group, the CAFs were pretreated
with either metformin (1 mmol/L) or not for a week. Second, all
CAFs were treated with either cDDP (5 mmol/L), Bay11-7082 (5
mmol/L), the neutralizing anti-human IL6 antibody (5 mg/L,
Clone 1936, R&D Systems), or TNFa (50 ng/mL) for 24 hours
and the CMwas collected. Third, 20 or 40 mmol/L cDDP with the
collected CMwas added to SKOV3with either Stattic (10 mmol/L)
or not for another 24 hours. Finally, cell viability was assessed
using Cell Counting Kit-8 (DojindoMolecular Technologies, Inc)
according to the instructions. The relative cell number was cal-
culated as the absorbance value compared with the blank group.
All of the assays were performed in triplicate.

Transfection of adenovirus and lentivirus
MRC5-CAFs were transfected with either NC (control vector)

or recombinant adenovirus expressing IL6 obtained from Vigene
Biosciences for IL6 overexpression (IL6-OP) in MRC5-CAFs.

Lentiviral shRNAs targeting AMPKwere obtained fromGenechem
for silencing AMPK in MRC5-CAFs. Flow cytometry sorting was
adopted for selecting cells stably expressing GFP-linked target
phenotypes.

3D organotypic coculture
A three-dimensional organotypic coculture was conducted

as had described previously by White and colleagues (40) with
some modulation. A total of 1 � 106 MRC5-CAFs with differ-
ent pretreatment as described previously were stained with
PKH-26 and cultured in the Matrigel mixture for 3 days. Then,
1 � 106 SKOV3 cells (SKOV3-luc-GFP) with or without Stattic
pretreatment were added to the top layer. In a parallel exper-
iment, 40 mmol/L cDDP was added to above groups for a week.
Organotypic models were harvested after a week of coculture
and frozen with OCT for 24 hours for successive coronal
sections. Image-Pro Plus software was employed to quantify
the tumor cells.

Xenograft murine models
The animal study was performed with the approval of the

Committee on the Ethics of Animal Experiments in Hubei Prov-
ince and the Animal Research Committee of the Academic Med-
ical Center at Huazhong University of Science and Technology
(Hubei, China). Four-week-old female NOD/SCID mice were
maintained in laminar flow cabinets under specific pathogen-free
conditions. To establish themetformin-primed stromal fibroblast
models, MRC5-CAFs were primed with either metformin
(1 mmol/L) or basal medium for one week, and 4 � 106

MRC5-CAFs or metformin-primed MRC5-CAFs were coinjected
with 2 � 106 SKOV3-luc cells subcutaneously in left hind limbs
of the mice (n ¼ 7 per group) and allowed to grow without
cDDP treatment. In a parallel experiment, the intraperitoneal
injection of cDDP (250 mg/kg) was conducted twice a week in
both the MRC5-CAFs and metformin-primed MRC5-CAFs
group. The tumor growth was monitored using caliper mea-
surements twice weekly. Approximately 4 weeks later, the mice
were analyzed using the IVIS Spectrum system (Caliper Life
Sciences Inc, Xenogen Corporation). The total flux (photons/s)
of the xenografts was calculated using Living Image version
4.3.1 software. Then the tumor xenografts in each group were
collected for further IHC study.

Statistical analysis
All data are presented as mean values� SD. Statistical analyses

for charters were conducted using Prism 6.0 GraphPad software.
Student t test was used for determining comparisons between two
groups. One-way ANOVA followed by the Tukey posttest was
employed for multiple group comparisons. P values <0.05 were
considered statistically significant.

Results
Elevated stroma IL6 expression induced by cDDP correlated
with ovarian cancer chemoresistance

To investigate the existence of proinflammatory fibroblasts in
ovarian cancer tissues, we chose IL6 as the inflammatorymarker in
light of the crucial role of IL6/STAT3 signaling activation in
inflammation-mediated chemoresistance (8, 41). Through the
integrative analysis of 3,431 transcriptional profiles of ovarian
cancer specimens in the CSIOVDB dataset (42), we found that IL6
expression was specifically elevated in tumor stroma compared
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with tumor epithelia, normal epithelia, and normal stroma
(Fig. 1A). The advantageous expression of IL6 in ovarian tumor
stromawas further validated in amicrodissected profile of ovarian
cancer (Fig. 1B; ref. 43). To further investigate whether chemo-
therapeutic drugs affected IL6 expression in the stroma, we
detected IL6 expression using immunofluorescence in paired
clinical samples from ovarian cancer patients before and after
chemotherapy and found that cDDP intervention triggered IL6
expression preferentially in aSMA-positive stromal areas (Fig.
1C). With identification of the CAFs by flow cytometry using PE
anti-human PDGFRa and immunofluorescence of aSMA, this
was further confirmed byWestern blotting that IL6 expressionwas
significantly enhanced in isolated CAFs from ovarian cancer
patients receiving cDDP treatment (Supplementary Fig. S1A,
S1B, and S1D).

Chemotherapy has been reported to modulate the inflamma-
tory spectrum in the tumor microenvironment, which could
further alter tumor cells' response to cytotoxic agents (12).
Indeed, functional analysis performed using GSEA indicated that
IL6-high individuals displayed an obvious enrichment of gene
sets in a potential chemoresistance-related stromal signature

that we called the "chemoresistance_associated_stromal" signa-
ture (NES ¼ 2.395, NOM P < 0.01; Fig. 1E; ref. 44). Moreover,
primary CAF-conditioned medium (CM) exerts different pro-
nouncedeffects inmediatingSKOV3 resistance to cDDPpositively
correlating with IL6 expression (Spearman r ¼ 0.79, P ¼ 0.009;
Fig. 1F and G). Finally, CAF-mediated chemoresistance in tumor
cells was observed when CAFs were pretreated with cDDP, which
was significantly blocked in the presence of IL6 neutralizing
antibody (Fig. 1H). In aggregate, these preliminary results indi-
cated that stromal IL6 was activated by conventional cytotoxic
agents as cDDP, which further contribute to chemoresistance in
ovarian cancer.

Metformin inhibited cDDP-induced IL6 expression in CAFs
Inspired by the anti-inflammatory effect of metformin in

benign diseases, we found that the tumor stroma in ovarian
cancer patients with metformin administration had a lower IL6
expression than patients who did not take metformin (Fig. 2A).
Next, in both primary CAFs and MRC5-CAFs, metformin
(1 mmol/L) significantly attenuated both basal- and cDDP-
induced IL6 expression, accompanied by diminished STAT3

Figure 1.

cDDP-Induced stromal IL6 expression correlated with chemoresistance in ovarian cancer cells. A, Gene expression profiles of IL6 in ovarian surface epithelium,
normal stroma, tumor, and tumor stroma in the CSIOVDB dataset of ovarian cancer. B, Normalized mRNA expression of IL6 in microdissected tumor (n ¼ 32)
versus in microdissected tumor stromal tissues (n¼ 31) in GSE40595, the microdissected profile of ovarian cancer. C, Representative immunofluorescence images
and quantification of IL6 and aSMA in paired frozen ovarian cancer tissues (n ¼ 8) before and after cisplatin-based chemotherapy. The assessment of IF was
conducted in both the stroma and tumor parts using the twelfth scoring system as described previously (39). D, Western blot analysis of IL6 in unpaired
primary CAFs isolated from the tumor tissues of ovarian cancer patients before and after cDDP treatment. E, GSEA plot of the association between gene sets
positively correlated with IL6 and the "chemoresistance_associated_stroma" signature in 494 ovarian cancer samples in TCGA. F, Cell viability assays of
SKOV3 with CM from primary CAFs and 40 mmol/L cisplatin. CAFs 2, 3, 4, and 5 have low IL6 expression and CAFs 6, 7, 9, and 10 have high IL6 expression.
The relative cell viability was calculated by comparing each cell's viability with the control group. G, The correlation analysis of the SKOV3 relative cell viability
under 40 mmol/L cisplatin and the CAFs IL6 expression among CAFs from no. 1 to no. 10. H, Cell viability assays of SKOV3 cultured with no MRC5-CAFs CM,
MRC5-CAFs CM, cDDP-stimulated MRC5-CAFs CM, and the cDDP-stimulated CM with IL6 antibody added. Additional cDDP (40 mmol/L) was added to
SKOV3 to calculate each survival percentage by comparison to the control group. GAPDH served as the loading control. Data are expressed as mean � SEM
(� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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activation in SKOV3 cultured with the CAF-conditioned medi-
um (Fig. 2B; Supplementary Fig. S2A). Furthermore, in the
presence of lethal doses of cDDP to SKOV3, both cDDP treated
MRC5 and CAFs CM rescued cDDP-induced cytotoxicity in
SKOV3 cells. However, metformin-primed MRC5 and CAFs
significantly sensitized the lethal effect induced by cDDP (Fig.
2C; Supplementary Fig. S2B). Moreover, both cleaved PARP
and cleaved caspase-3 were significantly increased in SKOV3
cultured with metformin-primed CAFs CM compared with that
of the control CAFs group, whether or not CAFs were stimu-
lated by cDDP, indicating that metformin-primed CAFs CM
sensitized cDDP-induced apoptosis in SKOV3 cells (Fig. 2D
and E). Taken together, these results reveal that priming CAFs
with metformin might attenuate cDDP-stimulated IL6 expres-
sion and subsequently sensitize the cytotoxicity of cDDP in
ovarian cancer.

Metformin downregulated IL6 in CAFs via the inhibition of
NFkB signaling

To further explore the mechanism of metformin in down-
regulating IL6 expression in stroma fibroblasts, we analyzed a
public profile involving metformin treatment of a human
embryonic lung fibroblast cell line (45). Among the dysregu-
lated genes in fibroblasts under metformin intervention, we
named the top 254 downregulated genes (>2-fold change) as
having "metformin_downregulated" signatures. Intriguingly,
the inflammatory molecule IL6 was ranked at the top of the
list, which showed a �18.03-fold change (P ¼ 0.000066; Fig.
3A). In addition, the web-based Gene Set Analysis Toolkit was
employed to analyze the potent transcriptional regulator and
pathway enrichment of the gene set. NFkB was identified as the
key transcription factor, which was consistent with the results
of the KEGG pathway analysis that inflammation-associated

pathways were enriched in the signature (Fig. 3B). These
preliminary results raised the potent anti-inflammatory effect
of metformin on fibroblasts. To further estimate the effect of
metformin on ovarian cancer stromal fibroblasts, we com-
pared the CAF profiles with the NF profiles in microdissected
ovarian cancer profile GSE40595. Through GSEA analysis, we
found that "metformin downregulated" and NFkB-associated
signatures were ranked at the top of the enriched pathway.
Reported gene signatures related to fibroblast activation, such
as IGF1/PI3K/mTOR, TGFb/Smad2/3, JAK/STAT3, and the
PDGF pathway (8, 46) were employed as positive controls
(Fig. 3C; Supplementary Fig. S3A). The heatmap showed that
"metformin_downregulated" and NFkB signatures exhibited
consistent activation with the CAF phenotype in accordance
with the positive controls. These preliminary results indicate
that metformin is likely to suppress the activated stromal
fibroblast phenotype via targeting NFkB signaling. Moreover,
GSEA analysis of GSE40595 showed that the "HALL-
MARK_TNFA_SIGNALING_VIA_NFKB" gene set was notably
positively correlated with IL6 expression (NES ¼ 3.97, NOM
P < 0.01; Fig. 3D). Finally, Western blotting validated the
inhibition of metformin on NFkB pathway elements in both
MRC5-CAFs and primary CAFs. In addition, both NFkB inhib-
itor Bay11-7082 (47) and metformin (1 mmol/L) could down-
regulate NFkB pathway molecules in the absence or presence
of inflammation inducer TNFa (Fig. 3E). Moreover, metformin
modulated the NFkB pathway independent of the phosphor-
ylation of AMPK as reported previously (Supplementary
Fig. S3Bref. 45). Meanwhile, Western blotting showed a sig-
nificantly elevated p-p65 in CAFs isolated from ovarian
cancer patients receiving cDDP treatment which was consistent
with the IL6 expression described above (Supplementary Fig.
S3C). These results imply that NFkB was likely an upstream

Figure 2.

Metformin pretreatment hindered cDDP-stimulated IL6 secretion in CAFs and further attenuated the subsequent growth of ovarian cancer cells. A, Representative
IHC images and quantification of IL6 from ovarian cancer patients with type II diabetes. Patients without metformin administration (n ¼ 15) are on the left, and
those taking metformin (n ¼ 8) are on the right. B, Western blot analysis of IL6 expression in MRC5-CAFs and p-STAT3 expression in SKOV3 cultured with
corresponding MRC5-CAFs CM in the presence or absence of metformin (1 mmol/L) or cDDP treatment. C, Cell viability assays (MRC5-CAFs on the left and primary
CAFs on the right). D, Western blot analysis for apoptosis. E, Immunofluorescence and quantification of cleaved caspase-3 signals in SKOV3 cultured with
control CAFs, CM, or cDDP-treated CAFs in the absence or presence of metformin pretreatment following cDDP (20 or 40 mmol/L) treatment to SKOV3 to
calculate each survival percentage compared with the control group. GAPDH served as the loading control. Data are expressed as mean � SEM (� , P < 0.05;
�� , P < 0.01; ��� , P < 0.001).
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Figure 3.

Metformin downregulated IL6 in ovarian cancer stromal fibroblasts via the inhibition of NFkB activation. A, The top 254 downregulated differential genes
(> 2-fold change) of metformin-treated RAS-IMR90 compared with the control profile from GSE33612 was called the "metformin_downregulated"
signature for further analysis. The main downward inflammation-associated genes are listed among which IL6 had an �18.03-fold change (P ¼ 0.000066).
B, The transcription factor target (left) and KEGG pathway analysis (right) with the "metformin_downregulated" signature were conducted online
(http://www.webgestalt.org). The top 10 transcription factors and pathway are listed. The bar chart represents the number of genes and the plot for the
enrichment ratio. C, Heatmap detailing the main signature activation degree in stromal fibroblast samples in GSE40595 and the rank of consistency with the
stromal phenotypes. Red represents a high pathway activation and blue an inactivation. D, GSEA plot of the association between gene sets positively
correlated with IL6 and the "HALLMARK_TNFA_SIGNALING_VIA_NFKB" pathway in 39 ovarian cancer stromal samples of GSE40595. E, Immunoblotting
of p-p65, p65, IL6 in control MRC5-CAFs and primary CAFs, or treated with Bay11-7082 only, TNFa only, or TNFa in the presence of Bay11-7082 or
metformin pretreatment (1 mmol/L). GAPDH served as the loading control.
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controller of IL6 and metformin could downregulate IL6 in
CAFs through the inhibition of NFkB signaling.

Metformin hindered cDDP-stimulated NFkB signaling
activation in CAFs and attenuated subsequent chemoresistance
in ovarian cancer cells

In the abovementioned studies, we have demonstrated that
metformin pretreatment can suppress cDDP-stimulated IL6
expression in CAFs and NFkB/IL6 is likely the main target of
metformin for anti-inflammation. To further investigate the effect
of metformin (1 mmol/L) on the CAF NFkB/IL6 cascade in the
presence of cDDP and the cytotoxicity to tumor cells, we first
treated MRC5-CAFs with metformin, Bay11-7082, or IL6 neutral-
izing antibody in the presence of cDDP stimulation. The expres-
sion of IL6 and p-p65 decreased in MRC5-CA Fs treated with
metformin or Bay11-7082 upon cDDP stimulation, accompanied
by the inactivated STAT3 signaling inMRC5-CAFs CM-stimulated
SKOV3 cells. Although IL6 neutralizing antibody–treated MRC5-
CAF CM inhibited the STAT3 signaling of SKOV3 cells, it did not
suppress the cDDP-induced NFkB activation (Fig. 4A). The lethal
effect of cDDP significantly increased in SKOV3 cells when cul-
turedwithmetformin, Bay11-7082, or IL6 neutralizing antibody–
primedMRC5-CAFCM(Fig. 4B). The increased cleaved PARP and
cleaved caspase-3 further confirmed the enhanced apoptosis
induced by cDDP in SKOV3 cells treated with metformin,
Bay11-7082, or IL6 neutralizing antibody–primed MRC5-CAF
CM (Fig. 4C and D). Overall, metformin-priming CAFs impeded
cDDP-stimulated NFkB/IL6 cascade and further attenuated che-
moresistance in ovarian cancer cells.

Priming stromal fibroblasts with metformin sensitized ovarian
cancer cells to cDDP in 3D organotypic cocultures

To further explore whether metformin-primed CAFs affected
tumor growth in the presence of chemotherapy, we developed
a 3D organotypic coculture model including ECM Matrigel
substrate, CAFs, and tumor cells labeled discriminately from
the bottom to the top layer, which faithfully represents the
histologic and biologic microenvironment in vivo. MRC5-CAFs
pretreated with agents as described in cell viability assays were
stained in red using PKH-26. SKOV3-GFP was preconditioned
with Stattic, a STAT3 inhibitor that can inhibit STAT3 signaling
activation in SKOV3 cells (Supplementary Fig. S4). In the
absence of cDDP, CAFs primed with metformin, Bay11-
7082, or IL6 neutralizing antibody inhibited SKOV3 cell pro-
liferation. Moreover, in the presence of cDDP, SKOV3 cell
growth was significantly inhibited by the underneath CAFs
primed with metformin, Bay11-7082, or IL6 neutralizing anti-
body (Fig. 5A and B). While IL6-overexpressed MRC5-CAFs
showed a promotion to the proliferation of SKOV3 cells, this
effect was significantly impaired by adding Stattic to inhibit
STAT3 activation in tumor cells. Of note, this phenomenon
was even magnified when 40 mmol/L cDDP was added to the
coculture system, suggesting that Stattic treatment reversed
SKOV3 chemoresistance to cDDP that was induced by IL6
overexpressed in MRC5-CAFs. These findings revealed that
either priming stromal fibroblasts with metformin could sen-
sitize ovarian cancer tumor cells to cDDP, or inhibiting NFkB/
IL6/STAT3 axes could also circumvent ovarian cancer cells'
resistance to cDDP.

Figure 4.

Metformin pretreatment blunted cDDP-stimulated NFkB/IL6 activation in MRC5-CAFs and attenuated subsequent chemoresistance in ovarian cancer cells.
A, Western blot analysis of IL6, p-p65 in control MRC5-CAFs, and p-STAT3 in corresponding CM-cultured SKOV3 or cDDP-stimulated CAFs in the presence of
basal medium or metformin pretreatment (1 mmol/L), Bay11-7082, and IL6 neutralizing antibody. MRC5-CAFs that overexpressed IL6 were used as positive
controls. B, Cell viability assays (MRC5-CAFs on the left and primary CAFs on the right). C, Western blot analysis of apoptosis. D, Immunofluorescence and
quantification of cleaved caspase-3 signals in SKOV3 cultured with cDDP-treated CAFs or in the presence of metformin pretreatment, Bay11-7082, IL6 neutralizing
antibody, or adenovirus expressing IL6 following cDDP (20 or 40 mmol/L) treatment to SKOV3 to calculate each survival percentage compared with the
blank group. GAPDH served as the loading control. Data are expressed as mean � SEM (� , P < 0.05; ��, P < 0.01; ���, P < 0.001).
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Metformin-primed CAFs enhanced the antitumor effects of
cisplatin in xenograft ovarian cancer by attenuated stromal
inflammation

To test whether metformin-primed CAFs could increase the
sensitivity to cisplatin and bring about enhanced cisplatin-
induced apoptosis of ovarian cancer cells in vivo, we established
the xenograft murine tumor models as described previously.
Briefly, unprimedMRC5-CAFs ormetformin-primedMRC5-CAFs
(1 mmol/L, 7 days) were mixed and coinjected subcutaneously
with SKOV3-luc into NOD/SCID mice, followed by the intraper-
itoneal injection of cDDP (250 mg/kg). The mice bearing SKOV3-
luc with unprimed CAFs showed a higher tumor burden than
those bearing SKOV3-luc coinjected with metformin-primed
CAFs (Fig. 6A). The mice injected with SKOV3-luc with metfor-
min-primed CAFs had significantly smaller tumors than those
coinjectedwith controlCAFs. Aftermeasuring the tumor for afinal
time, themice in each groupwere sacrificed and the tumormasses
were separated and analyzed using IHC.

Tobetter understand the differences in the outcomes, the tumor
masses were collected and embedded with paraffin for further
histologic examination.Masson trichrome staining showed that a
notable enrichment of polarity-arranged stroma was exhibited
after cDDP injection, indicating that the stroma was activated,
while an obvious derangement of stroma was observed in cDDP
injection in the metformin-primed CAFs group (Fig. 6B). In
accordance with the in vitro results, cDDP injection obviously

activated NFkB/IL6 signaling in tumor stroma. However, cDDP
injection in the metformin-primed CAFs group exhibited a dis-
tinct suppression of the stromal NFkB/IL6 signaling as the stroma
was hyporeactive to cDDP (Fig. 6C).

In addition, attempt was made to interpret how metformin-
primed CAFs influence of macrophage recruitment, an inflam-
matory process driven by the stromal NFkB signaling (8). Intrigu-
ingly, we found a lower CD163 expression in tumors of ovarian
cancer patients with metformin administration, which indicated
an inhibition ofM2-likemacrophage infiltration (Supplementary
Fig. S5A). Furthermore, immunostaining of CD206 in xenograft
murine tumors showed adecreased enrichment ofM2-likemacro-
phages in themetformin-primed CAFs group compared with that
in the control CAFs group, whether or not the tumors were treated
with cDDP (Supplementary Fig. S5B).

Taken together, metformin priming the stromal fibroblasts
before chemotherapy can blunt the cDDP-activated NFkB sig-
naling and inhibit subsequent tumor-enhancing inflammation,
further attenuating the chemoresistance in ovarian cancer cells
(Fig. 6D).

Discussion
In this study, we described the anticancer mechanisms of

metformin from a new perspective of inhibiting the tumor stro-
mal inflammatory response to chemotherapy. cDDP-stimulated

Figure 5.

Preconditioning stroma fibroblasts with metformin sensitized ovarian cancer cells to cDDP in 3D organotypic cocultures. A, Fluorescence images of the 3D
organotypic cocultures. B, Corresponding bar graph showing the quantification of SKOV3-GFP (green) growth cocultured with cDDP-stimulated MRC5-CAFs in
the presence of basal medium or metformin pretreatment (1 mmol/L), Bay11-7082, IL6 neutralizing antibody, or MRC5-CAFs that overexpressed IL6 in the
presence or absence of Stattic treatment to SKOV3-GFP. cDDP (40 mmol/L) was added to the coculture system for a week to calculate the survival percentage
compared with each blank group or the control group. Data are expressed as mean � SEM (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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IL6 expression in CAFs was validated to facilitate ovarian cancer
chemoresistance. Metformin was found to repress IL6 expres-
sion in the tumor stroma of ovarian cancer patients. A partly
reversed IL6 expression in metformin-pretreated CAFs and
attenuated chemoresistance in SKOV3 were observed in the
cell viability assays, 3D organotypic cocultures, and murine
xenograft models. Mechanistically, we found that metformin
inhibited IL6 secretion via suppressing NFkB signaling, an
upstream controller of stromal inflammation. Our study com-
pleted the mechanism of metformin combination in ovarian
cancer therapy. Moreover, it provided alternative therapeutic
options in targeting stromal inflammation.

The TME, especially the tumor stroma compartment, plays
an increasingly important role in anticancer therapeutic resis-
tance. CAFs response to therapy cannot be bypassed in asses-
sing and attenuating the efficacy of the nonsurgical interven-
tion. Strong evidence is that the tumor-to-stroma ratio in
tumor tissues has been proven as an independent variable in
worse outcomes of chemotherapeutic breast and colon cancer
(48). Recent studies have demonstrated that conventional
chemotherapy and radiotherapy could lead to increased tumor
stiffness involving the stroma response (49, 50). Moreover,
PLX-4270 (BRAF inhibitor) was reported to induce ECM
remodeling and HGF secretion with subsequent ERK and PI3K
signaling activation in melanoma cells (51, 52). Molecule-

targeted drugs such as gefitinib have been reported to induce
pulmonary fibrosis involving TGFb secreted by tumor cells to
CAFs (53). Epigenetic drugs such as HDAC inhibitors were
validated to arouse stromal fibroblast senescence-associated
secretory phenotype (SASP) via the direct activation of NFkB
signaling independent of senescence (54). In addition, another
study of prostate and breast cancer reported that the NFkB/
WNT16B/WNT axes were activated in chemotherapeutic CAFs
and induced multiple hallmark capabilities of tumor cells
(12). Our findings ascribed the unsatisfactory chemotherapeu-
tic outcomes to the cDDP-stimulated NFkB/IL6 in CAFs, which
further activated the STAT3 in ovarian cancer cells. Phenom-
enally, these side effects of therapeutic drugs on stromal
fibroblasts partly neutralized the expected efficacy of tumor
cytotoxicity and further led to chemoresistance or even worse
outcomes. Mechanistically, most of the conclusions appear to
be intertwined with the stromal inflammatory response to
therapy. Although the details are different depending on the
mechanisms, stromal inflammation plays an important role in
chemoresistance. NFkB, a key inflammation mediator, seems
to be a crucial signaling factor in CAF-mediated chemoresis-
tance in tumor cells.

Metformin has been reported to play a suppressor role in
stroma-associated inflammatory and fibrosis diseases such as
renal fibrosis, cardiac fibrosis, interstitial pulmonary fibrosis,

Figure 6.

Priming the stromal fibroblasts with metformin sensitized xenograft tumors to cDDP characterized by diminished stromal NFkB/IL6 signaling activation A,
Representative bioluminescence images of mice (n ¼ 7 each group) bearing SKOV3-luc cells coinjected with unprimed or metformin-primed CAFs (1 mmol/L) at
4 weeks after tumor implantation in the absence or presence of the intraperitoneal injection of cDDP (250 mg/kg). A bar graph showing the quantification of
normalized total photon counts of the subcutaneous xenografts in the mice of each group. B,Masson trichrome staining and stromal quantification. C, IHC staining
and score of p-p65 and IL6 from mice bearing SKOV3-luc cells coinjected with unprimed or metformin-primed MRC5-CAFs following cDDP treatment or not.
D, A graphical illustration of the molecular signaling events involved in metformin regulation of proinflammatory stromal fibroblasts. Priming the CAFs with
metformin blunted the cDDP-stimulated stromal NFkB/IL6 activation and further repressed the STAT3-associated chemoresistance in tumor cells. Data are
expressed as mean � SEM (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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atherosclerosis, and endometriosis (55–59). Inhibition of the
TGFb pathway, monocyte-to-macrophage differentiation, and
NFkB-mediated inflammatory factors are involved in the
mechanisms. Although benign diseases differ from neoplastic
diseases, similar mechanisms have been corroborated to con-
tribute to the stromal suppression in malignancies. In lung
cancer, metformin was demonstrated to repress the lung inter-
stitial fibrosis during gefitinib therapy (53). In prostate cancer,
metformin reversed the CM-induced proliferation of cancer
cells via inhibiting the NFkB in the senescent RAS-IMR 90 cell
line (45). More interestingly, metformin was reported to sup-
press the M2-like macrophage-differentiation in vivo (60). As
NFkB signaling in CAFs plays a crucial role in mediating
tumor-enhancing inflammation by promoting tumor growth,
vascularization, and macrophage recruitment (8), we pre-
sumed that metformin-primed CAFs, accompanied by a dimin-
ished NFkB/IL6 activation, might not only have an effect on the
survival signals of tumor cells, but also mediate macrophage
recruitment, contributing to the tumor progression. Intrigu-
ingly, we found a reduced M2-like macrophage infiltration in
both tumors of ovarian cancer patients with metformin admin-
istration and murine xenograft in metformin-primed CAF
group (Supplementary Fig. S5A and S5B). While metformin
was reported to directly inhibit M2-like polarization of macro-
phages in vivo, our preliminary results indicate that the met-
formin-primed CAFs are likely to contribute to the diminished
accumulation of M2-like macrophage. However, the exact
mechanism involving metformin-primed stromal fibroblast
regulation of macrophage recruitment and whether NFkB/IL6
inhibition in fibroblast contributes to the decreased infiltration
of M2-like macrophages remained to be elucidated by future
studies.

Meanwhile, it appeared that metformin priming the CAFs
turned them into a normal-like phenotype that was less prone
to supporting tumor progression. Our ssGSEA/GSEA analysis
showed that the "metformin_downregulated" signature and
NFkB signaling exhibited a good consistency with the activated
stromal fibroblast phenotype corresponding to the acknowledged
pathway characteristically activated in CAFs (46) such as TGFb,
IGF1/PI3K/mTOR, PDGF, and the JAK/STAT signaling. Actually,
all these signaling factors associated with CAFs activation have
been reported to be inhibited bymetformin infibroblasts or other
cells (23, 45, 54, 60, 61). These preliminary results indicate
that metformin will likely exert a multiple reprogramming
of CAFs in ovarian cancer. In addition, a p53 depressing state in
CAFs compared with that in NFs seems to contribute to metfor-
min sensitivity (62, 63). The probable multiple and specific
inhibition of tumor stroma makes metformin an attractive agent
for suppressing the stromal response to chemotherapy. However,
more experiments are needed to investigate the effect of metfor-
min on the typical morphologic, functional, and molecular
alteration of CAFs.

Combination conventional chemotherapywithmetformin has
been confirmed to have an effect on various cancers and further
phase II clinical trials are underway. In ovarian cancer, metformin
was reported to improve the cDDP sensitivity of SKOV3 in vitro by
repressing the MAPK cascade and in vivo by restraining PI3K and
STAT3, among others (17, 30). In murine xenografts combined
with Taxol,metforminwas validated tohave a synergistic effect on
the cycle arrest of ovarian cancer cells (18). Generally, metformin
was considered to act only on the tumor cells via a synergistic or

amplification effect with cytotoxic agents; thus, simultaneous
administration with the cytotoxic agents was performed. How-
ever, in our experiment, based on the goal of impeding the
pending chemotherapeutic response of the stroma fibroblasts,
metformin priming the CAFs before chemotherapy was consid-
ered more rational. Moreover, an exact priming of CAFs before
coculture and subcutaneous coinjection in mice excluded the
direct effects of metformin on tumors. Finally, the metformin
group had a significantly higher percentage of patients sensitive to
chemotherapy anddecreased hazard for ovarian cancer recurrence
compared with the nonmetformin group (ref. 64; both groups
were diabetic patients). In addition, considering the antiinflam-
matory effects of metformin in cancer therapy, not only prolifer-
ationmarkers in tumors but also inflammatorymarkers in stroma
should be used to assess the efficacy in future clinical trials.

The supraphysiologic doses in vitro were limitations in this
study. A dose of 1 mmol/L (165 mg/L), which was used in
previous research (45), is still far beyond the feasible therapeutic
plasma levels (0.465–2.5 mg/L or 2.8–15 mmol/L; ref. 23) in
humans. In this situation, energy stress and AMPK activation
caused bymetforminmay induce effects far exceeding the clinical
phenomenon (65). To minimize this effect, a relatively low dose
with long priming treatment to CAFs was carried out and the lack
of AMPK activity proved that NFkB suppression is independent of
AMPK activation.

In summary, this study demonstrated that metformin priming
of the stroma fibroblasts can arrest cDDP-stimulated stromal
NFkB/IL6 activation and subsequently attenuate the chemoresis-
tance in ovarian cancer cells. It provided an alternative therapeutic
option in targeting stromal inflammation and a potential com-
bination therapy to improve chemosensitivity in ovarian cancer.
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