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Abstract

The 5-fluorouracil (5-FU)-based chemotherapy regimen is a primary strategy for treating pancreatic cancer (PC). However,
challenges related to 5-FU resistance persist. Investigating the mechanisms of 5-FU resistance and identifying a clinically
viable therapeutic strategy are crucial for improving the prognosis of PC. Here, through clinical samples analysis, we found
that the expression of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR), the rate-limiting enzyme in meva-
lonate metabolism, is negatively correlated with the efficacy of 5-FU treatment. There is a significant correlation between
HMGCR and the pyroptosis marker gasdermin D (GSDMD), and the HMGCR inhibitor simvastatin can significantly inhibit
the activation of pyroptosis signaling. The exogenous addition of geranylgeranyl pyrophosphate (GGPP), a key metabolite
of the mevalonate pathway, can significantly reduce sensitivity to 5-FU, and simvastatin combined with 5-FU demonstrates
a strong synergistic effect. Furthermore, in organoid models and genetically engineered mice with spontaneous PC, the
combination of simvastatin and 5-FU significantly inhibits tumor growth. In conclusion, our study reveals the critical role
of the mevalonate pathway in 5-FU resistance and proposes a clinically feasible combination therapy strategy.
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Introduction FOLFIRINOX is recommended for patients with PC after

surgery [3] 0.5-FU, a cell cycle-specific uracil analog,

Despite recent advances in pancreatic cancer (PC) treatment,
it remains a significant challenge, with a 5-year survival
rate of less than 10% [1, 2]. The National Comprehensive
Cancer Network Pancreatic Cancer guidelines recommend
that the modified FOLFIRINOX regimen will bring longer
median survival. Among them, 5-fluorouracil (5-FU) is the
cornerstone of the therapeutic protocol, and 5-FU-based
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interacts with DNA,RNA, or both, leading to its accumula-
tion in cells, and causing tumor cell damage and death [4].
Therefore, 5-FU plays an indispensable role in the treatment
process of PC [5, 6]. However, due to the low stability of
5-FU in cells and the susceptibility to drug resistance, only
a minority of patients benefit from FOLFIRINOX [7-9].
Tumor metabolic reprogramming enhances tumor progres-
sion by disrupting the anti-tumor metabolic activity of 5-FU.
Elevated glucose metabolism and increased enzyme expres-
sion diminish the drug's effectiveness [10, 11]. Additionally,
the accumulation of lipid droplets and the overexpression of
the nuclear protein sterol-regulatory element-binding pro-
tein-1 impede the anticancer effect of 5-FU [12, 13]. Con-
sequently, further investigation into how tumor metabolic
reprogramming regulates 5-FU chemotherapy resistance is
crucial for enhancing the effectiveness of the FOLFIRINOX
regimen.

The mevalonate pathway, a critical pathway for choles-
terol synthesis, plays a significant role in tumor progres-
sion when abnormally activated [14]. Our study revealed
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that 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMGCR) exhibited elevated expression in the postop-
erative pathological tissues of PC patients undergoing the
FOLFIRINOX regimen. Geranylgeranyl pyrophosphate
(GGPP), a product of the mevalonate pathway, promotes
the prenylation of GTPases. Prenylated GTPases play a key
role in signal transduction, cell proliferation, cell plasticity,
tumorigenesis, and cancer metastasis [15, 16]. Additionally,
we identified that the accumulation of GGPP contributes to
resistance against 5-FU. Consequently, targeting the meva-
lonate pathway could potentially enhance the efficacy of
5-FU by overcoming this resistance mechanism. Further-
more, recent studies have demonstrated that simvastatin has
the capacity to trigger pyroptosis in tumor cells, thereby
amplifying the anti-tumor effects of the treatment [17, 18].
This outcome was substantiated through our rigorous study,
suggesting a promising approach to bolstering the effective-
ness of 5-FU in combating PC.

The primary aim of this research was to investigate the
correlation between the mevalonate pathway and resistance
to 5-FU chemotherapy. Furthermore, the study aimed to shed
light on the potential of combining simvastatin with 5-FU
as a novel approach to enhance the limited effectiveness
observed with the FOLFIRINOX regimen.

Materials and methods
Human PC clinical specimens

Fifty-six PC samples and 43 adjacent normal tissue sam-
ples were collected, along with relevant clinical data, to
assess the association between HMGCR levels and 5-FU
resistance. All patients, who received postoperative FOL-
FIRINOX chemotherapy, had not undergone preoperative
chemotherapy or radiotherapy. The specimens were obtained
in compliance with the guidelines approved by the Human
Research Ethics Committee of Lanzhou University Second
Hospital, with informed agreement from all participants.

Statistical analysis

SPSS 27.0 was used to perform all statistical analyses. The
Shapiro—Wilk normality test was utilized to assess data nor-
mality. For data adhering to normal distribution, Student's
t test was conducted for the comparison of means across
groups, with results expressed as means + standard devia-
tion. The Chi-square test was employed for frequency com-
parison across groups. Nonparametric tests were applied to
data that did not follow a normal distribution. Kaplan—-Meier
curves, in conjunction with the log-rank test, were used to
conduct survival analysis. Multivariate Cox models were
used to investigate the influence of HMGCR on prognosis.
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All analyses were two-tailed, with a P value below 0.05
regarded as significant in statistical terms. In vitro assays
were conducted a minimum of three times, incorporating
both biological and technical replicates.

Cell culture

PANC-1,MIA PaCa-2 (human PC cell lines, the Cell Bank
of the Chinese Academy of Sciences) and Panc 02 (mouse
PC cell line, Shanghai Fuheng Biotechnology Co., Ltd) were
grown in Dulbecco’s modified Eagle medium with the addi-
tion of 10% fetal bovine serum (Panc 02,5%).

Genotype identification of mice

Three monogenic mouse strains, LSL-Kras®!?P* LSL-
Trp53R172H* and Pdx 1-Cre, were crossbred to obtain prog-
eny, and genomic DNA was extracted from their tails. The
mice were genotyped through PCR amplification and sub-
sequent sequencing of extracted genomic DNA.

Tumor subcutaneous transplantation model

In the allograft model using KPC mice, tumor tissues from
these mice were cut into approximately 4 mm diameter
pieces and implanted into the axillary region of 6-week-old
female C57BL/6JGpt mice.

Progression and survival of KPC-derived allografts

5-FU (intraperitoneal injection, 20 mg/kg/day) and/or sim-
vastatin (oral administration, 20 mg/kg/day) were adminis-
tered to KPC-derived allografts when the tumor size reached
approximately 150 mm?®. Throughout the tumor progression
studies, tumor diameters were monitored every 4 days dur-
ing the treatment period. When the tumor volume of any
mouse reached 1500 mm?>, all mice were euthanized. The
tumor tissues were then harvested, photographed, and pre-
served for subsequent analysis. For survival assays, tumor
diameters were monitored daily during drug treatment. The
ethical end point was defined as a tumor size nearing 1500
mm?, at which point the survival duration of each mouse
was recorded.

Organoids studies

Tumor tissues from KPC mice were minced and incubated
for 1-2 h at 37 °C in a digestion medium containing colla-
genase XI (Sigma-Aldrich, #C7657). After enzymatic diges-
tion, the single-cell suspension was collected, resuspended
in cell culture plates with Cultrex UltiMatrix Reduced
Growth Factor Basement Membrane Extract (R&D Systems,
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Fig.1 Abnormal activation of the mevalonate pathway promotes
5-FU resistance in PC. A-B Symbolic H&E staining and IHC staining
of pathological tissues from PC patients, along with the IHC score.
Results are presented as mean +standard deviation. Student’s ¢ test.
##%P <(0.001. C Typical H&E and IHC staining of HMGCR and
computed tomography scan in 5-FU-S and 5-FU-R patients. Yellow
arrow, primary tumor; blue arrow, hepatic metastasis. D The corre-
lation of OS and HMGCR expression level of patients treated with
5-FU. Kaplan—Meier analysis with log-rank test. HR, hazard ratio. E

Multivariate Cox regression analysis of the prognosis in PC patients
with FOLFIRINOX regimen, with 95% confidence intervals shown
by the bars. F ROC curve illustrating the diagnostic accuracy of
HMGCR expression levels in distinguishing 5-FU resistance among
56 patients with PC. G Analysis of the correlation between sex, age,
AJCC staging, tumor differentiation, CA 19-9 value, and HMGCR
levels in PC patients who have undergone treatment with the FOL-
FIRINOX regimen
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«Fig.2 Targeting the mevalonate pathway causes pyroptosis. A-B
Symbolic H&E staining and IHC staining of pathological tissues
from PC patients, along with the IHC score. Results are presented
as mean =+ standard deviation. Student’s ¢ test. ***P <(0.001. C Rep-
resentative IHC staining images of high and low levels of HMGCR
and GSDMD. D The protein level correlation between HMGCR and
GSDMD in patients with PC from our cohort (n=56) using linear
regression analysis. E-F Immunoblotting assay showing the protein
level of pyroptosis marker protein in control (Ctr) and treatment (sim-
vastatin, 5 pM) of PANC-1, Panc 02, and MIA PaCa-2. G-H Rep-
resentative IF staining images and quantification on the induction of
pyroptosis in MIA PaCa-2 cells by simvastatin and 5-FU, either alone
or in combination. White arrow, the inflammasome. Results are pre-
sented as mean + standard deviation. Student’s 7 test. ***P <0.001

#BMEOQO01-10), and cultured in organoid medium (STEM-
CELL Technologies, #06040).

Organoids’ viability and synergy assay

The viability of the KPC organoids was confirmed using
the CellTiter-Glo® 3D Cell Viability Assay kit (Promega,
#G9681). The three-dimensional synergy visualization
model (LOEWE) and synergy score for 5-FU and simvasta-
tin in KPC organoids were generated using Combenefit soft-
ware and the SynergyFinder web application (version 3.0).

Additional materials and methods are provided in the
Supplementary Materials.

Result

Abnormal activation of the mevalonate pathway
promotes 5-FU resistance in PC

To investigate the role of the mevalonate pathway in con-
ferring 5-FU chemoresistance in PC, we collected patho-
logical samples from patients treated with FOLFIRINOX at
the Lanzhou University Second Hospital between 2021 and
2023. These samples were subjected to H&E and IHC stain-
ing (Fig. 1A). Statistical analysis of these groups revealed
significant differences in HMGCR levels between cancerous
and adjacent non-cancerous tissues (Fig. 1B). Patients were
categorized into 5-FU-sensitive (5-FU-S) and 5-FU-resist-
ant (5-FU-R) groups based on imaging findings. Notably,
HMGCR levels were markedly higher in the 5-FU-R group
(Fig. 1C). Furthermore, patients treated with 5-FU were
stratified using an optimal cutoff value, and Kaplan—Meier
survival analysis demonstrated that elevated higher HMGCR
levels were linked to worse survival outcomes (Fig. 1D).
This finding aligns with the results from the multivariate
Cox regression analysis (Fig. 1E). The receiver operating
characteristic curve highlighted the high diagnostic value
of HMGCR levels for predicting 5-FU resistance, with an
area under the curve of 0.863 and an optimal cutoff value

of 162.5 (Fig. 1F). Additionally, clinical data indicated a
positive correlation between HMGCR levels and the Ameri-
can Joint Committee on Cancer (AJCC) staging (Fig. 1G).
Collectively, these findings suggest a potential link between
elevated HMGCR level and reduced 5-FU efficacy.

Targeting the mevalonate pathway causes
pyroptosis

According to the study, simvastatin inhibits tumor progres-
sion by targeting the mevalonate pathway and inducing
pyroptosis [17]. To explore the relationship between pyrop-
tosis and the mevalonate pathway, we performed H&E and
IHC staining of a marker protein of pyroptosis (gasdermin
D, GSDMD) on clinical samples from PC patients and con-
ducted statistical analysis (Fig. 2A-C). We noted a positive
association between the levels of HMGCR and GSDMD
(Fig. 2D). Next, we treated PANC-1, MIA PaCa-2 (human
PC cell lines), and Panc 02 (mouse PC cell line) with sim-
vastatin for 24 h. Then, we used immunoblotting to assess
the expression of caspase-1 and GSDMD in PANC-1, Panc
02, and MIA PaCa-2 cells (Fig. 2E-F). To further verify this
result, immunofluorescence (IF) staining was performed. We
induced pyroptosis in MIA PaCa-2 cell line by monotherapy
or in combination with simvastatin and 5-FU (simvastatin,
5 pM; 5-FU, 4 pM; 24 h). We found that the pyroptotic effect
was significantly enhanced with the combination treatment
(Fig. 2G-H). The results indicated that simvastatin treatment
significantly promoted pyroptosis in tumor cells compared
to the control group. Thus, simvastatin effectively inhibits
tumor progression not only by down-regulating HMGCR,
but also by inducing pyroptosis.

Simvastatin combined with 5-FU is synergistic

The anti-tumor effects of statins have been established, and
treatment regimens that include combination chemotherapy
drugs are already utilized in clinical settings [18]. Our study
confirmed that the aberrant activation of the mevalonate
pathway can inhibit the anti-tumor efficacy of 5-FU. We sub-
sequently determined the concentrations required for 50%
inhibition (IC50) of 5-FU and simvastatin for PANC-1, Panc
02, and MIA PaCa-2 and plotted the concentration—response
curves (Fig. 3A-B). By exogenously supplementing the same
concentration of GGPP, a downstream metabolite of meva-
lonate pathway, we observed a significant decrease in 5-FU
sensitivity across all three cell lines following supplementa-
tion with GGPP. The results indicate that abnormal activa-
tion of the mevalonate pathway significantly enhances the
resistance of PC to 5-FU (Fig. 3C-E). Our results underscore
the pivotal role of the mevalonate pathway in conferring
5-FU resistance in PC. Utilizing drug synergy software,
we evaluated the synergistic effects of both agents. The
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Fig.3 Simvastatin combined with 5-FU is synergistic. A-B The sen-
sitivity to 5-FU and simvastatin in three PC cell lines. C-E After
exogenous GGPP (10 pM) supplementation, the sensitivity to 5-FU in
three PC cell lines. F-N The synergistic effect of 5-FU and simvasta-
tin was evaluated by collaborative analysis model, and the synergistic

optimally synergy concentrations of 5-FU and simvastatin
were identified using the Loewe model. Among the three
PC cell lines, the optimal synergy concentrations (1 pM
5-FU combined with 5 uM simvastatin in PANC-1, 1 pM
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concentration was measured respectively. O Cell viability analysis of
PANC-1, Panc 02, and MIA PaCa-2 cells after treatment with dif-
ferent conditions for 72 h. Results are presented as mean + standard
deviation. Student’s ¢ test. *P <0.05, **P <0.01, ***P <0.001

5-FU combined wih 0.5 uM simvastatin in Panc 02, and
1 pM 5-FU combined wih 1 pM simvastatin in MIA PaCa-
2) and the optimal synergy scores (13.047, 11.213, 12.682)
were found (Fig. 3F-N, Supplementary Fig. 1A-C, E-G).
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Fig.4 5-FU combined with simvastatin significantly inhibited the
organoid growth. A Graphical representation of the gene identifi-
cation and organoid construction of KPC mouse model. B-C The
synergy of 5-FU and simvastatin in the KPC organoid model was
assessed, and the optimal concentration and synergy score were
determined. D Representative images of the KPC organoids’ response

Furthermore, using the identified synergy concentrations,
we conducted cell viability assays on three PC cell lines
and found that the combined effect of 5-FU and simvasta-
tin significantly enhanced the anti-tumor efficacy (Fig. 30).
The results revealed that simvastatin significantly enhances
the cytotoxic effects of 5-FU against tumor cells, suggesting
that targeting the mevalonate pathway may counteract tumor
resistance to 5-FU.
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to 5-FU and simvastatin (5-FU: 100 nM; simvastatin: 100 nM).
E-H Relative growth rate, area, and diameter of KPC organoids’
response to 5-FU and simvastatin (n=6). Results are presented as
mean =+ standard deviation. Student’s ¢ test. *P<0.05, **P<0.01,
k%P <(0.001

Targeting the mevalonate pathway combined
with 5-FU significantly inhibited tumor progression

We demonstrated a strong synergistic effect of targeting the
mevalonate pathway with 5-FU, and we continued to verify
this effect with organoid models and genetically engineered
mice with spontaneous PC. The KPC mice were obtained
through breeding LSL-Kras®'?P* LSL-Trp53R172H+ and
Pdx1-Cre and represent a successfully established murine
model for PC and exhibit numerous characteristics resem-
bling human PC [19, 20]. We harvested tumor tissues from
KPC mice, isolated the stem cells through digestion, and
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Fig.5 Targeting the mevalonate pathway combined with 5-FU signif-
icantly inhibited tumor progression. A Graphical representation of the
treatment for KPC-derived allografts. B Tumor tissue photographs.
(C-D) Tumor volume and weight statistics. E-F Representative H&E
staining, IF staining (pan-keratin, Ki67), and IHC staining images
of GSDMD in tumor tissue. G-H Quantification of pan-keratin,

subsequently cultured them in a 24-well plate using a matrix
gel, thereby obtaining KPC organoids (Fig. 4A). Firstly, we
investigated the synergistic effect of 5-FU and simvastatin
on KPC organoids. The Loewe model indicated a strong
synergistic interaction (Fig. 4B-C, Supplementary Fig. 1
D, H). Secondly, KPC organoids were treated with the
identified optimal synergy concentration and categorized
into three groups: control, single drug, and combination.
Forty-eight hours later, the medium was replaced and the
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Ki67, and GSDMD staining in tumor tissue from KPC-derived allo-
grafts. I-J Kaplan—-Meier analysis and tumor growth of KPC-derived
allografts treated with 5-FU, simvastatin, or both. Results are pre-
sented as mean =+ standard deviation (C, D, G, H, I). Student’s 7 test.
#P<0.01, ***P<0.001

corresponding drugs were added (simvastatin; 5-FU), with
this regimen continuing for 6 days. During this period, the
medium was refreshed every 2 days and the appropriate
drugs were administered. Morphological changes in the
organoids were monitored and recorded using an electron
microscope (Fig. 4D). Additionally, we tracked the growth
diameters and areas of the organoids from Day 0 to Day
6 and conducted statistical analyses on the relative diam-
eters and areas (Fig. 4E-H). We observed that simvastatin
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combined with 5-FU exerted a potent tumor-suppressive
effect in KPC organoids.

Next, we constructed the allograft models of KPC mice.
Upon reaching a tumor volume of 150 mm?, these mice were
arbitrarily divided into one of four groups: control, simv-
astatin group, 5-FU group, and the combination treatment
group, with six mice in each group (Fig. 5A). In the first
phase, we conducted the progression studies of the KPC-
derived allografts, and when the tumor volume of a mouse
reached 1500 mm?, we surgically excised all tumor tissues
and recorded the tumor volume to plot curves and the tumor
weights (Fig. 5B-D). The results illustrated that the combi-
nation of 5-FU and simvastatin effectively suppressed tumor
growth in KPC-derived allografts. We also performed H&E,
IF, and IHC staining on the excised tumor tissues. Statistical
analysis confirmed that the combined treatment with 5-FU
and simvastatin had a significant therapeutic effect (Fig. SE-
H). In the subsequent phase, we conducted survival studies
on the KPC-derived allografts. During the treatments, tumor
tissues were surgically removed when the tumor volume of
each mouse reached 1500 mm®. Survival curves were plotted
based on the observed survival days to evaluate the efficacy
of the treatments (Fig. 5I-J). Based on these experimental
results, we assessed the combined treatment effect of simv-
astatin and 5-FU in both KPC organoids and KPC-derived
allografts. As hypothesized, the combination therapy dem-
onstrated superior efficacy compared to monotherapy.

Overall, our results offer compelling evidence for the effi-
cacy of targeting the mevalonate pathway in combination
with 5-FU in treating PC. These insights open new avenues
for targeted therapy in PC patients, suggesting a promising
direction for future treatment strategies.

Discussion

As a frontline treatment for PC, the FOLFIRINOX regimen
demonstrates a longer median survival time compared to the
treatment regimen combining gemcitabine with albumin-
bound paclitaxel [21].Central to this regimen is 5-FU, which
serves as a cornerstone by irreversibly inhibiting thymidylate
synthase, thereby exerting its anti-tumor effects. Here, we
investigate the mechanisms of chemotherapy resistance
using PC clinical samples and PC cell lines such as PANC-
1, Panc 02, and MIA PaCa-2, with the goal of improving
treatment outcomes for PC.

The mevalonate pathway is the central pathway for cho-
lesterol synthesis, and its aberrant activation is a hallmark of
tumorigenesis [22]. HMGCR is an essential enzyme in the
mevalonate pathway that is primarily responsible for limiting
the rate of catalytic sterol and isoprene biosynthesis, and is a
target of statin therapy for hypercholesterolemia. HMGCR
can promote tumor proliferation to some extent [23]. GGPP,

as a subsequent product of the mevalonate pathway, also
promotes tumor progression through its abnormal accumu-
lation in PC [24, 25].Simvastatin, in addition to inhibiting
cholesterol synthesis, can also target HMGCR and inhibit
tumor progression by reducing GGPP and blocking protein
prenylation [18, 26, 27]. Our results demonstrate that the
abnormal accumulation of HMGCR and GGPP influences
chemoresistance to 5-FU to varying degrees. It is worth
noting that our study was dedicated solely to the effects of
HMGCR and GGPP in the mevalonate pathway on 5-FU.
The abnormal activation of the mevalonate pathway in other
types of tumors and the effects of other metabolic products
on 5-FU warrant further investigation.

Pyroptosis, a proinflammatory form of regulated cell
death, is distinct from autophagy and ferroptosis [28].
Pyroptosis is characterized by inducing GSDM (A-E),
a member of the aerogel protein superfamily, to promote
cell lysis and release pro-inflammatory cytokines IL-18
and IL-1P. GSDMD is cleaved by caspase 1 to activate the
inflammasome to induce pyroptosis [29]. Recent studies
have found that the inhibition of HMGCR and HMGS1 by
simvastatin can induce pyroptosis and then promote the anti-
tumor effect [17], and our study also confirms this result.
We also observed a connection between the mevalonate
pathway and GSDMD through clinical phenomena, and
this relationship has not yet been reported in the context of
pancreatic cancer. Recent research indicates that GSDMC
and GSDME play a facilitating role in the progression of
pancreatic cancer [30-33]. Additionally, there are no reports
on the roles of GSDMA and GSDMB in pancreatic cancer,
although they are known to promote tumor growth in other
cancers [34-36].Targeting the mevalonate pathway to induce
pyroptosis is also worth further investigation in other types
of tumors.

Several limitations are evident in our study. Firstly, recent
research has shown that in ovarian cancer, the accumulation
of GGPP and mevalonate can inhibit the anti-tumor effects
of pyroptosis in tumor cells. However, in our study, we did
not demonstrate this effect in PC. Secondly, we validated the
combined therapeutic efficacy of 5-FU and simvastatin using
PC cell lines, organoid models, and genetically engineered
mice. However, we did not further verify this in patient-
derived xenograft models. Thirdly, through literature review,
we found that there are additional mechanisms by which
simvastatin enhances 5-FU [37-39]. These results suggest
that targeting the mevalonate pathway to enhance 5-FU by
regulating pyroptosis is not the only mechanism.
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Conclusion

To sum up, our findings demonstrate a distinct synergy
between simvastatin and 5-FU. This combination effec-
tively suppresses the intrinsic activities of the mevalonate
pathway in PC, while concurrently promoting pyroptosis in
tumor cells to enhance their anticancer effects. Therefore,
we expect our research to significantly influence the devel-
opment of treatment strategies to overcome chemotherapy
resistance in PC.
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