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Bisbiguanide analogs induce
mitochondrial stress to inhibit
lung cancer cell invasion

Christina M. Knippler,1,2 Jamie L. Arnst,2,3 Isaac E. Robinson,1,2,4 Veronika Matsuk,1,2,5 Tala O. Khatib,1,2,6

R. Donald Harvey,1,2,7 Mala Shanmugam,1,2 Janna K. Mouw,1,2 Haian Fu,1,2,7 Thota Ganesh,2,7

and Adam I. Marcus1,2,8,*
SUMMARY

Targeting cancer metabolism to limit cellular energy and metabolite production is an attractive therapeu-
tic approach. Here, we developed analogs of the bisbiguanide, alexidine, to target lung cancer cell meta-
bolism and assess a structure-activity relationship (SAR). The SAR led to the identification of two analogs,
AX-4 and AX-7, that limit cell growth via G1/G0 cell-cycle arrest and are tolerated in vivo with favorable
pharmacokinetics. Mechanistic evaluation revealed that AX-4 and AX-7 induce potent mitochondrial de-
fects; mitochondrial cristae were deformed and the mitochondrial membrane potential was depolarized.
Additionally, cell metabolism was rewired, as indicated by reduced oxygen consumption and mitochon-
drial ATP production, with an increase in extracellular lactate. Importantly, AX-4 and AX-7 impacted
overall cell behavior, as these compounds reduced collective cell invasion. Taken together, our study es-
tablishes a class of bisbiguanides as effective mitochondria and cell invasion disrupters, and proposes bis-
biguanides as promising approaches to limiting cancer metastasis.

INTRODUCTION

Our understanding of cancer metabolism has rapidly grown in recent decades, leading to enhanced interest in identifying therapeutic meta-

bolic vulnerabilities.1–3 Cancers adopt varied metabolic alterations to enable proliferation and survival throughout different stages of tumor

progression from primary tumor formation to the metastatic cascade.1,2,4 Efforts to develop inhibitors of cancer metabolism have expanded

to target various nodes, including those within mitochondrial metabolism.3,5,6 One class of small-molecules that alters metabolism and mito-

chondrial function are the biguanides.7–11 Several biguanide compounds are in experimental and clinical use with varying degrees of efficacy.

The most well-known biguanide is metformin, which has been extensively studied for its effects on type 2 diabetes and cancer.12–14 Other

members include phenformin and buformin; however, clinical trials in diabetes ended early due to toxicity from lactic acidosis.15–17 Therefore,

there is a continued interest in studying biguanides as cancer therapies and improving tolerability.18–22

One biguanide currently being adapted as a cancer therapeutic is the bisbiguanide, alexidine.23–25 Alexidine and its family member, chlor-

hexidine, share structural similarity tometformin, but have two biguanide units connectedby a hexamethylene linker and different side chains.

Traditionally, alexidine and chlorhexidine are cationic antibiotics used in dentistry against plaque and gingivitis, likely due to their affinity for

the negatively charged cell wall and phospholipids on the bacterial cell membrane.26–32Mitochondria likely evolved from ancestrally engulfed

bacteria33–35; therefore, bactericides, such as alexidine, are promising metabolic-targeting agents. While a study was conducted using

different analogs of chlorhexidine and alexidine on their effects on commonbacteria in the oral microbiome,36 the effects of alexidine analogs

on human cells, particularly cancer cells, are understudied.

Through a chemical biology screen of over 3,000 compounds, we discovered that alexidine causes lung cancer cell growth arrest, reduced

invasion through a 3D recombinant basementmembranematrix, and alterations in metabolism.37We therefore sought to develop analogs of

alexidine and establish a structure-activity relationship (SAR) in lung cancer cells. The current study details the development and assessment

of bisbiguanides designed from the alexidine parent molecule, capable of disrupting mitochondrial activity while maintaining in vivo
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tolerability. We report that from a screen of seven analogs of alexidine, AX-4 and AX-7 reduce lung cancer cell growth by cell-cycle arrest.

While alexidine, AX-4, and AX-7 are all tolerated in mice, AX-7 has a longer terminal half-life and higher concentration in blood plasma, sug-

gesting longer duration of action and establishing it as a promising in vivo compound. Furthermore, we determine that AX-4 and AX-7 cause

dramatic structural defects to the mitochondrial cristae, loss of mitochondrial membrane potential, and reduced oxidative phosphorylation,

whereby disruption in mitochondrial metabolism corresponds with reduced collective cell invasion. Taken together, our findings support

AX-4 and AX-7 as promising mitochondrial disrupters and that lung cancer cells require mitochondrial polarization for collective invasion.

Our work proposes the benefit of utilizing modified biguanides for targeting metabolic vulnerabilities to reduce cancer metastasis.

RESULTS

Development of alexidine analogs to inhibit cell proliferation

To determine whether we could improve the potency of alexidine with structural modifications and derive a SAR among the derivatives, we

systematically altered the linker length connecting the two biguanidine moieties in alexidine or altered the side chains on the ends of the

compounds (Figure 1A), as these structures were found to be important in bisbiguanide activity against bacteria.36,38 We were able to syn-

thesize seven analogs, termed AX-1, AX-2, AX-3, AX-4, AX-5, AX-7, and AX-10 (Figures 1B and S1, Data S1), for further characterization. AX-6,

AX-8/9, and AX-11 were unable to be synthesized.

To select top analog candidates, we conducted a dose response of the alexidine derivatives on H1299 non-small cell lung cancer cell pro-

liferation for 72 h. The initial screen was performed with a sulforhodamine B (SRB) assay (Figure 1C), which assesses only substrate adherent

cells; using the top candidates from the SRB screen, a complimentary screen was performed with an add-and-read water-soluble tetrazolium

(WST)-8 assay to assess both adherent and non-adherent cells (Figure 1D). The IC50 values and 95% confidence intervals (CI) were determined

to compare the analogs (Table 1). Alexidine inhibited H1299 cell proliferation with an IC50 of 1.0 mM in the initial SRB screen andwith an IC50 of

2.5 mMusing theWST assay. The difference in IC50 values corresponds with the differences in experimental procedures, in which the SRB assay

removes non-adherent and loosely adherent cells, thereby resulting in a lower IC50 value. A truncated analog that contains a single biguanide

core, AX-1, lost potency by 10-fold (IC50 = 10.1 mM). AX-2, which has the same linker between the guanidine units as alexidine, but the side

chain 2-ethylhexylmine units are replaced by simple methyl hydrocarbon units, also caused loss of potency by greater than 10-fold, as an IC50

could not be achieved. Likewise, AX-3, with two fewer carbons in the linker (four carbons in AX-3 vs. six carbons in alexidine) that connects both

the guanidine units, achieved better potency than AX-1 or AX-2; however, the IC50 was still above that of alexidine (2.0 vs. 1.0 mM). Moreover,

increasing the linker length to eight carbons in AX-4 maintained similar potency as the parent compound in the SRB assay, (IC50 = 0.8 vs.

1.0 mM); however, AX-4 was less effective when assessed via the WST assay (3.7 vs. 2.5 mM). These results suggest that 4–7 carbon linkers

can maintain the IC50 in the low micromolar range.

We next explored other side chain hydrocarbons replacing the 2-ethylhexylmine moiety in alexidine. AX-5, in which the 2-ethylhexylmine

unit was replaced with 2-octylamine, reduced the potency by approximately 3-fold compared to alexidine (3.4 vs. 1.0 mM). Interestingly, com-

pound AX-7, with 2-ethylbutyl units in place of 2-ethylhexyl moieties, trended toward improved potency in comparison to parent alexidine in

the SRB assay (0.6 vs. 1.0 mM), but had similar potency as alexidine in theWST assay (3.0 vs. 2.5 mM). Lastly, we tested a derivative, AX-10, with

straight chainmethyl-butyl ether side chains. This led to a loss of potency by greater than 10-fold, as the IC50 could not be achieved. Therefore,

this suggests that branched terminal side chains are important to maintain activity, as AX-2 (lacking the 2-ethylhexylmine units) was also inef-

fective. Overall, with a set of seven derivatives of alexidine, we found AX-7 asmore potent than the other derivatives and similarly as potent as

alexidine.

Based upon the proliferation screens, AX-4 and AX-7 emerged as promising candidates for further study. AX-2 was chosen as a negative

control analog, as it was ineffective at reducing H1299 cell growth. We next tested the ability of these analogs to alter cell cycle, as observed

with alexidine in our previously published work.37 After 48 h of treatment to H1299 cells, AX-4 and AX-7 induced a G1/G0 cell-cycle arrest to

similar levels as alexidine and in a dose-dependent manner (Figure 1E). Concordantly, there was a reduction in the percentage of cells in S

phase.While there was not a significant decrease in the percentage of cells in G2/Mphase, AX-4, AX-7, and alexidine didmarkedly reduce the

amount of phosphorylated histone H3 at serine 10 and cyclin-dependent kinase 1 (CDK1) from protein isolated in analog-treated cells

(Figures 1F and S2), indicating reduced proliferation. Additionally, protein levels of CDK4, CDK6, and cyclin D1, key mediators of progression

fromG0/G1 to S phase, were reduced in a dose-dependentmanner in AX-4, AX-7, and alexidine-treated cells, indicating a lack of signaling to

transition cells into S phase and supporting the flow cytometry results. There was not a significant increase in the sub-G1 population (Fig-

ure 1E), further suggesting the reduction in cell growth is due to G1/G0 cell-cycle arrest rather than apoptosis. AX-2 did not alter the propor-

tion of cells in each phase compared to the DMSO control (Figures 1E and 1F), consistent with the viability results in Figures 1A and 1B. Taken

together, these studies identified two analog candidates, AX-4 and AX-7, capable of inhibiting cell proliferation with similar capacity as

alexidine.

In vivo applicability of alexidine analogs

We next assessed the applicability of our lead analogs, AX-4 and AX-7, for in vivo use. To determine the relative permeability to approximate

analog absorption in the intestines, we used standard in vitro absorption, distribution, metabolism, and excretion (ADME) approaches.

Caco-2 cells are a human colon cancer cell line that have been historically used to study drug permeability and efflux prior to use in animals

or humans.39Monolayers of Caco-2 cells were treatedwith the analogs and the apparent permeability was determined (Table S1). Propranolol

and Digoxin were used as controls for highly absorbed and highly effluxed compounds, respectively. Interestingly, AX-2 had the most
2 iScience 27, 109591, April 19, 2024



Figure 1. Development of alexidine analogs to inhibit cell proliferation

(A) Schematic of alexidine (AD) with the side chain, biguanide, and linker regions annotated where alterations were made to develop the analogs.

(B) Schematic of the seven resulting analogs (AX-). See also STAR methods and Figure S1.

(C) Primary proliferation screen on H1299 lung cancer cells to identify candidate analogs at the indicated concentrations for 72 h using the SRB assay.

(D) A complimentary proliferation screen using the WST-8 assay with the top candidates, AX-4 and AX-7, and negative control analog, AX-2, for 72 h. See also

Table 1. For (C) and (D), three biological replicates with three technical replicates each were performed. Mean G SEM is shown.

(E) Cell cycle analysis of H1299 cells using flow cytometry after 48 h of treatment with the analogs at the indicated doses. MeanG SD is shown. Significance was

assessed using an ordinary two-way ANOVA with a Tukey’s multiple comparisons test and is indicated above the respective phase of the cell cycle (i.e., G1/G0

and S). *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.

(F) Protein levels of CDK1, CDK4, CDK6, cyclin D1, and phosphorylated histone H3 at serine 10 (pHH3 (S10)) in H1299 cells treated for 48 h and detected by

western blot. Actin was used as a loading control. See also Figure S2 for quantification of western blots. For (E) and (F), three biological replicates were performed.

ll
OPEN ACCESS

iScience 27, 109591, April 19, 2024 3

iScience
Article



Table 1. Cell proliferation screen of alexidine analogs

Compound SRB IC50 (mM) Fit (R2) 95% CI WST IC50 (mM) Fit (R2) 95% CI

AX-1 10.1 0.9461 5.9–773.4 – – –

AX-2 N/A N/A N/A N/A 0.2487 N/A

AX-3 2.0 0.9835 1.8–2.2 – – –

AX-4 0.8 0.9497 0.6–0.9 3.7 0.9553 3.2–4.4

AX-5 3.4 0.8944 N/A – – –

AX-7 0.6 0.7184 0.4–1.5 3.0 0.9520 2.5–3.8

AX-10 N/A 0.1939 0.01-N/A – – –

AD 1.0 0.8977 0.7–1.3 2.5 0.9500 2.1–3.0

IC50 concentrations, goodness of fit (Fit R
2), and 95% confidence intervals (CI) for the SRB and WST-8 proliferation assays in Figure 1 were determined using

nonlinear regression. N/A indicates values that were unable to be accurately computed.
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favorable efflux ratio among the analogs (0.60), despite its lack of biological activity in other assays. AX-7 had amore favorable efflux ratio than

AX-1, AX-4, and alexidine (1.95 vs. >236.12 vs. >6.88 vs. >5.37). Caco-2 cell monolayer integrity was intact throughout the process, as indicated

by negligible Lucifer Yellow leakage (Table S2).

Drugs are commonly metabolized and cleared in the liver, so typical in vitro ADME approaches use isolated hepatocytes and liver micro-

somes to assess the livermetabolismof test compounds prior to use in vivo.40–42 BecauseAX-7 had amore favorable efflux ratio over AX-4 and

alexidine, AX-7 was tested for its metabolic stability in liver microsomes (Table S3) and hepatocytes (Table S4). Verapamil and 7-OH coumarin

were used as positive controls, which are known to bemetabolized by the liver.Microsomes and hepatocytes fromdifferent species were used

to predict metabolic stability in humans, monkeys, dogs, rats, and mice. Intrinsic clearance (Clint) was scaled-up based on each species’ liver

weight and microsome/hepatocyte concentration. In liver microsomes, AX-7 had longer half-life (T1/2) than Verapamil and 7-OH coumarin

across all species tested (Table S3). For example, in mousemicrosomes, AX-7 T1/2 was 64.63min, while T1/2 was 10.32 min for Verapamil. Simi-

larly, the Clint was markedly lower with AX-7 treatment than with Verapamil or 7-OH coumarin. In mouse samples, the scale-up Clint was

94.35 mL/min/kg with AX-7 treatment and 590.70mL/min/kg with Verapamil treatment. This trend was consistent when tested in hepatocytes

(Table S4). Inmouse hepatocytes, the T1/2 was 129.48min with AX-7 treatment and only 16.43min with Verapamil treatment. The scale-upClint
in mouse hepatocytes was 126.45 mL/min/kg with AX-7 treatment and 996.52 mL/min/kg with Verapamil. Taken together, AX-7 has accept-

able Caco-2 permeability and is likely not rapidly metabolized by the liver, suggesting AX-7 could have reasonable duration of action in an

in vivo setting.

We next tested the pharmacokinetics (PK) of AX-4, AX-7, and alexidine to determine the suitability of the analogs in vivo. Female BALB/c

mice were treated with 5 mg/kg of the compounds by intraperitoneal injection and the blood plasma was collected starting at 15 min post-

injection and sampled over 24 h (Figure 2A). The terminal elimination half-life (T1/2) of AX-7was approximately three times longer than for AX-4

(17.0 vs. 5.15 h; Figure 2B), indicating AX-7 may have longer-lasting biological effects than AX-4. AX-7 trended toward an increased T1/2 than

alexidine (17.0 vs. 9.5 h). In addition to a longer T1/2, AX-7 also had the highest maximum plasma concentration (Cmax) among the three com-

pounds tested (Figure 2C). The Cmax was defined as the highest concentration of each individual compound when sampled throughout the

24-h period, regardless of timepoint. The Cmax for AX-7 was nearly four times higher than AX-4 (540 vs. 140 ng/mL) and twice as high as alex-

idine (540 vs. 268 ng/mL).

Based upon the PK data above, AX-7 emerged as themost promising in vivo candidate; therefore, we next tested the tissue distribution of

AX-7 in the plasma, lungs, and kidneys by treatingmale mice once a day for five days with 2 mg/kg AX-7. Tissues and blood were collected at

0.25, 1, and 4 h after the last injection. While the AX-7 concentration in the blood plasma decreased over time, the amount in the lungs and

kidneys persisted and at higher concentrations (Figure 2D). By 4 h post-treatment, the concentration of AX-7 in the lungs was about 22 times

higher than in the plasma (418 ng/g vs. 18.3 ng/mL) and approximately 370 times higher in the kidneys than the plasma (6783 ng/g vs. 18.3 ng/

mL). Urine was collected within 4 h of the last treatment to test for AX-7 excretion. The amount of AX-7 detected in mouse urine 4 h post-

treatment was only 0.017% of the final dose (Table S5), suggesting that while AX-7 may be excreted by the kidneys, it may be negligible after

4 h. Importantly, no abnormal clinical symptoms were observed in the mice throughout the duration of the experiment, suggesting the accu-

mulation of AX-7 in these tissues was tolerable.

Alexidine analogs disrupt mitochondrial cristae structure

After having established AX-4 and AX-7 as anti-proliferative in vitro and AX-7 with favorable absorption, distribution, metabolism, and excre-

tion (ADME)-PK properties for in vivo use, we sought to determine the mode of action. We previously reported that alexidine alters cellular

metabolism37 and hypothesized that the analog-induced reduction in cell proliferation was a result of energy imbalance. Furthermore, we

performed a pilot proteomics study and analyzed proteins from H1299 cells treated with 1 mM alexidine or DMSO control using Gene

Ontology (GO) and PANTHER. Analyses using GO Biological Process and GO Cellular Component revealed enrichment of processes and

components involved with an active cell cycle (ex: positive regulation of chromosome condensation, positive regulation of mitotic meta-

phase/anaphase transition, ribonucleoside-diphosphate reductase complex) in DMSO-treated cells rather than alexidine-treated cells
4 iScience 27, 109591, April 19, 2024



Figure 2. In vivo applicability of alexidine analogs

(A–C) Female BALB/cmice were intraperitoneally (IP) injected with 5mg/kg of the indicated compounds. Bloodwas sampled at the indicated times after injection

and the concentrations of the compounds in the plasma were determined. The half-life (B) represents the terminal elimination half-life of each compound.

(D) Male BALB/cmice were IP injected with 2 mg/kg of AX-7, once per day for five days. Plasma, lungs, and kidneys were harvested at 0.25, 1, and 4 h after the last

dose for determination of AX-7 concentration (ng/mL for plasma, ng/g for kidney and lung tissues). For (A–D), n = 3 mice per group. Mean G SD is shown. An

ordinary one-way ANOVA with Tukey’s multiple comparisons test was used to determine significance, *p % 0.05, **p % 0.01, ***p % 0.001.
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(Tables S6, S7, and S8), which corroborates the cell cycle data in Figure 1. Interestingly, there was also enrichment in DMSO-treated cells of

mitochondria-related processes and components (ex: mitochondrial translation, mitochondrial small ribosomal subunit, mitochondrial inner

membrane) (Tables S6, S7, and S8). Additionally, others reported that alexidine disrupts mitochondria structure, particularly by inducing dam-

age to the cristae.23,43 Therefore, we investigated the mitochondria ultrastructure of the analog-treated cells, as our pilot proteomics study

and previous data suggested mitochondria may be affected by bisbiguanides. After 48 h of treatment, AX-4, AX-7, and alexidine disrupted

mitochondrial structure as observed using electronmicroscopy (Figure 3A). In DMSO- andAX-2-treated cells, mostmitochondria had a typical

morphological structure with intact cristae. At 1 mM of AX-4, AX-7, and alexidine, there were still several identifiable mitochondria. However,

with 2 mM treatment, it was difficult to identify normalmitochondria structures; these cells containedmitochondria with seemingly intact outer

membranes, but the cristae were disordered or absent. To further characterize mitochondria with and without intact cristae, we used confocal

microscopy to probe for the mitochondrial import receptor subunit TOM20 homolog (TOM20), as a marker of the outer mitochondrial mem-

brane, and cytochrome c oxidase assembly factor 7 (COA7), which is involved with the formation of electron transport chain complexes in the

cristae and has been shown to be depleted upon alexidine treatment43,44 (Figure 3B). In DMSO and AX-2 treated cells, both COA7 and

TOM20 were present and exhibitedmitochondrial localization. With AX-4, AX-7, and alexidine treatment, the TOM20 signal remained persis-

tent, while there was a dose-dependent decrease in COA7 signal compared toDMSO. This correspondedwith a smaller Pearson’s correlation

coefficient (Pearson’s R value) for AX-4, AX-7, and alexidine treatment than DMSOandAX-2 treatment (Figure 3C), indicating that the analogs

differentially affectedCOA7 and TOM20 levels. These findings were confirmed usingwestern blot, which showed a dramatic dose-dependent

decrease in COA7 protein with AX-4, AX-7, and alexidine treatment, while TOM20 remained present (Figures 3D and S3). Taken together,

these alexidine analogs preferentially disrupt the mitochondrial cristae, while leaving the outer membrane largely intact.

Alexidine analogs induce mitochondrial bioenergetic stress

Since mitochondrial structure was drastically damaged with AX-4, AX-7, and alexidine treatment, we next assessed if mitochondrial bioener-

getics was also altered. When cells are actively using mitochondria for oxidative phosphorylation, a proton gradient and mitochondrial mem-

brane potential (DJm) are generated between the intermembrane space andmatrix components of themitochondria.45,46 The relativeDJm

can be assessed using a cationic fluorescent dye, such as tetramethylrhodaminemethyl ester (TMRM).47We assessed the TMRM levels by flow

cytometry in cells treated for 48 h with 1 mM of alexidine or the analogs. As observed with the other assays, AX-2 did not influence DJm
iScience 27, 109591, April 19, 2024 5
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Figure 3. Alexidine analogs disrupt mitochondrial cristae structure

(A) Representative images of transmission electron microscopy micrographs of H1299 cells treated with the indicated analogs at 1 or 2 mM for 48 h. Regions

outlined in white are shown below as a zoomed image focusing on the mitochondria. Scale bar = 1 mm for upper panels; zoomed scale bar = 250 nm.

(B) Representative confocal immunofluorescence images of H1299 cells treated as in (A) and probed for COA7 (magenta) and TOM20 (green) to mark the outer

mitochondrial membrane. Merged images include DAPI to stain the nuclei and TOM20/COA7 overlapping signal appears white. Scale bar = 10 mm.

(C) The Pearson’s correlation coefficient (R) comparing COA7 and TOM20.

(D) COA7 and TOM20 were detected by western blot of whole cell lysates of cells treated with the analogs as in (A). Actin was used as a loading control. See

Figure S3 for quantification of western blots. For all experiments, three biological replicates were performed. For (C), Mean G SD is shown of three

biological replicates with at least 60 cells analyzed for each treatment per replicate. Significance was assessed using an ordinary two-way ANOVA with a

Tukey’s multiple comparisons test, *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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(Figure 4A). However, AX-4 and AX-7 depolarized the mitochondria to similar levels as alexidine, in congruence with the observed structural

mitochondrial defects (Figure 3A). Interestingly, when probed with MitoTracker Green, which localizes to the mitochondria independent of

the DJm,48 the MitoTracker signal remained largely unchanged after AX-4, AX-7, and alexidine treatment, in contrast to the marked reduc-

tion in TMRM signal (Figure 4A). Therefore, the reduction in DJm is not wholly due to a decrease in mitochondrial load, but rather, by de-

polarizing events. We also co-treated cells with the analogs and carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), an uncoupler

of mitochondrial oxidative phosphorylation and a depolarizing agent.49 Cells treatedwith AX-2 were only depolarized if co-treatedwith FCCP

(Figure 4B). AX-4, AX-7, and alexidine all depolarized the cells to near maximum, as the addition of FCCP only marginally depolarized cells

further. To quantitatively assess changes in DJm with analog treatment, cells were treated with the analogs for 48 h and subjected to short

treatment with oligomycin, a known inhibitor of the mitochondrial ATPase. The addition of oligomycin forces mitochondria into a hyperpo-

larized state due to the lack of proton movement to generate ATP.50–52 Under DMSO or AX-2 conditions, approximately 1% of the cells were

unable to hyperpolarize with the addition of oligomycin (Figure 4C). In contrast, AX-4, AX-7, and alexidine induced an increase in the percent-

age of cells unable to hyperpolarize (5.25, 12.0, and 18.1%, respectively), indicative of impaired electron transport chain and/or ATPase ac-

tivity. AX-7 was more detrimental to DJm than AX-4, as it produced over 2-fold more cells with the inability to hyperpolarize (12.0 vs. 5.25%).

To confirm the analogs were depolarizing mitochondria, lysates from treated cells were assessed for the levels of phosphorylated ubiquitin at

serine 65 (pUb (S65)) and sequestosome-1 (SQSTM1). Serine/threonine-protein kinase PINK1 (PINK1) accumulates on depolarizedmitochon-

dria and specifically phosphorylates ubiquitin on mitochondrial outer membrane proteins to mark the mitochondria as damaged and initiate

mitophagy responses, such as the recruitment of adapters like SQSTM1.53–58 AX-4, AX-7, and alexidine induced drastic increases in pUb (S65)

compared to the DMSO control, while total ubiquitin levels remained relatively unchanged (Figure 4D). Concordantly, SQSTM1 levels also

increased with AX-4, AX-7, and alexidine treatment (Figures 4D and S4). Treatment with AX-2 resulted in pUb (S65) and SQSTM1 levels com-

parable to the DMSO control, consistent with the maintenance of DJm.

We next evaluated whether the mitochondrial damage induced by the analogs and alexidine impacted mitochondrial metabolism. Oxy-

gen consumption rate (OCR) wasmeasured after 48 h of treatment with 1 mMof the compounds. Sequential treatment with oligomycin, FCCP,

and a rotenone/antimycin mixture to affect processes of mitochondrial respiration allowed for comprehensive analysis of mitochondrial bio-

energetics.59 AX-2 did not alter OCR in comparison to the DMSO control (Figures 4E and 4F). Conversely, AX-4 and AX-7 drastically depleted

the overall OCR to levels similar to alexidine. Basal OCR and ATP-linked respiration were dramatically reduced, indicating that cells treated

with AX-4, AX-7, or alexidine were generating less ATP via the mitochondrial ATPase than control- or AX-2- treated cells. Additionally, the

maximal respiration and spare respiratory capacity were also reduced in AX-4-, AX-7-, and alexidine-treated cells compared to DMSO- or

AX-2-treated cells, supporting the observations of impaired cristae, where oxidative phosphorylation occurs.

Through glycolysis, glucose is converted to pyruvate, which can be converted to lactate by lactate dehydrogenase A/C (LDHA/C) or con-

verted to acetyl-CoA by the pyruvate dehydrogenase (PDH) complex and utilized for the TCA cycle and oxidative phosphorylation. If mito-

chondrial metabolism is disrupted, cells may rely more on glycolysis alone for energy production and thus produce more lactate. Therefore,

since analog treatment reduced mitochondrial respiration, we asked whether cells conversely increased lactate production. AX-2 had no ef-

fect on extracellular lactate compared to control (Figure 4G). AX-4, AX-7, and alexidine treatment increased lactate concentration with both

1 mM and 2 mM treatments, suggesting a switch to glycolysis. Interestingly, 2 mM AX-4 treatment produced higher lactate levels than 2 mM

AX-7 and was equally as effective as alexidine. Additionally, we probed for protein levels of key metabolic enzymes after treatment with

the analogs. Pyruvate kinase M2 (PKM2) and LDHA/C protein levels remained unchanged (Figures S5A and S5B), indicating that the increase

in extracellular lactate was likely due to an increase in pyruvate availability for and activity of LDHA/C, not an increase of the protein level itself.

We also probed for pyruvate dehydrogenase (PDHA1) and phosphorylated PDH at serine 293 (pPDHS293), an inhibitory phosphorylation.We

observed a modest decrease in the levels of PDHA1 with AX-4, AX-7, and alexidine treatment (Figure S5C), likely due to the disruption of

mitochondrial structure, as PDHA1 localizes to the mitochondria. Additionally, the ratio of pPDH S293:PDHA increased with AX-4, AX-7,

and alexidine treatment (Figure S5D), indicative of decreased activity of the PDH complex, which likely increased the available pyruvate to

be processed by LDHA/C to produce lactate. Taken together, the analogs AX-4 and AX-7 are inducers of mitochondrial depolarization

and bioenergetic stress.

Alexidine analogs inhibit cell invasion

Since AX-4 and AX-7 dramatically reduced mitochondria-derived energy, we hypothesized that the mitochondrial defects would impact cell

behavior. Others have shown that mitochondria localized to the leading edge of cells are important to provide energy during cell invasion60
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Figure 4. Alexidine analogs induce mitochondrial bioenergetic stress

(A) H1299 cells were treated with 1 mM of the indicated analogs for 48 h. Mitochondrial membrane potential was detected by flow cytometry using TMRM and

mitochondrial amount was detected in parallel using MitoTracker Green. Representative histograms normalized to the mode are shown.

(B) Cells were treated as in (A). At the time of TMRM staining, FCCP was added to the samples and cells were analyzed by flow cytometry. Representative

histograms normalized to the mode are shown.

(C) Cells were treated as in (A). At the time of TMRM staining, oligomycin was added to the samples and cells were analyzed by flow cytometry. The quantification

of the TMRM-low population of three biological replicates is shown in the graph to the right. An ordinary one-way ANOVAwith Tukey’s multiple comparisons test

was used to determine significance.

(D) Cells were treated for 48 h with the analogs as indicated. Lysates were separated by western blot and probed for phosphorylated ubiquitin (pUb (S65)), total

ubiquitin (Ub), SQSTM1, and actin. See Figure S4 for quantification of SQSTM1.

(E) Cells were treated with 1 mM of the indicated analogs for 48 h. The oxygen consumption rate (OCR) was detected over time by the Agilent Seahorse XF

Analyzer with the addition of oligomycin (oligo), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), and a rotenone/antimycin mixture at the

indicated timepoints. A representative curve is shown.

(F) The basal respiration, maximal respiration, spare respiratory capacity, and ATP-linked respiration were calculated from the OCR in (E).

(G) Cells were treated with the indicated analogs for 48 h. The media was collected and lactate amount detected. Lactate concentration was normalized relative

to cell count and DMSO control. Significance was assessed using an ordinary two-way ANOVA with a Tukey’s multiple comparisons test. For all experiments,

three biological replicates were performed. Mean G SD is shown. *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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and we previously determined that alexidine inhibits H1299 collective cell invasion.37 Therefore, we tested whether AX-4 and AX-7 maintain

that ability to reduce invasion. Cells embedded as spheroids in recombinant basementmembranematrix were treatedwith the analogs for 48

h. AX-4 and AX-7 inhibited invasion to the extent of alexidine with 2 mM treatment, reducing the invasive area to 24.7%, 34.8%, and 36.8% of

the control, respectively (Figures 5A and 5B). To assess canonical signaling pathways involved in cell motility, cells treated with the analogs in

2D cell growth conditions were harvested for protein extraction. Phosphorylated focal adhesion kinase (pFAK (Y397)) trended toward a sig-

nificant decrease with AX-4, AX-7, and alexidine treatment in a dose-dependent manner (Figures 5C and S6), corroborating the reduction in

invasion. There was no observable difference in the levels of pFAK (Y397) with AX-2 treatment. Therefore, AX-4 and AX-7 not only induce bio-

energetic stress, but also impact cell phenotype. Taken together, we have created analogs of alexidine, AX-4 and AX-7, capable of inducing

drastic mitochondrial damage, reductions in cell growth and invasion, and applicable for use in vivo.
DISCUSSION

Targeting cancer metabolism has emerged as a promising therapeutic approach to cancer.3,5 In this study, we designed analogs of the bisbi-

guanide small molecule, alexidine, and found AX-4 and AX-7 to be potent inducers of mitochondrial structural and bioenergetic stress in non-

small cell lung cancer. The disruption in cellularmetabolism correspondedwithG1/G0 cell-cycle arrest and reduced invasive capacity, consistent

with our previous study using alexidine,37 aswell as reports for other biguanides such asmetformin.22Our initial screen included seven analogs of

the parent compound, alexidine, each with differing carbon linker length or side chains (Figures 1A and 1B). We found that decreasing the linker

length to four carbons from six (AX-3) did not confer better efficacy than alexidine and the analog with a single biguanide unit and subsequently

no linker (AX-1) lost activity (Figure 1C). Increasing the linker to eight carbons (AX-4) had better efficacy than those with short or no linker

(Figures 1C and 1D). These findings are consistent with a previous report of chlorhexidine (a bisbiguanide with similar structure to alexidine) an-

alogs, where reducing the linker to four carbons resulted inminimal activity against panels of bacteria strains, while longer linkers had increased

activity.36 This was potentially due to physical strain on the bacterial membrane components with increased analog linker length, causing

‘‘leakage’’ of contents.38 The terminal side chain structure also may influence leakage, as analogs with short, three carbon long linkers did

not cause leakage.38 This couldprovide rationale as towhyAX-2was ineffective in our study, as it contained only one-carbonmethyl hydrocarbon

side chains (Figure 1B). Finally, it was suggested that branching of the side chains improves efficacy against bacteria compared to straight chain

groups of the same length.36 This may suggest why AX-10, with straight chain methyl-butyl ether groups, was also ineffective (Figure 1C). Our

lead compounds, AX-4 and AX-7, both contained branched side chains of differing carbon lengths; however, there may be a steric limitation on

branch length, as AX-5 with longer branched terminal groups was not as effective. Overall, a combination of long linker length with branched

carbon side chains resulted in themost effective analogs in our viability screens, possibly due to physical strain on themitochondrial membranes.

Alexidine reduces tumor growth in several cancers, including head and neck, liver, and leukemia,23–25 andwe, therefore, propose that AX-7

will be useful in the control of cancer progression across many cancer types. Notably, we established in vivo tolerability of AX-4 and AX-7 and

identified AX-7 as superior to AX-4 and alexidine in length of terminal half-life and maximum plasma concentration (Figure 2). AX-7 was re-

tained in lung and kidney tissues, suggesting AX-7 could have a long duration of action in these organs. Further studies on dosing schedule

will be useful for future in vivo applications, as it may be possible to reduce dosing to only two or three times a week and still retain accumu-

lation in organs of interest. Therefore, further testing to establish on- or off-target toxicities and therapeutic range will be necessary to ensure

the safety of these analogs.

After establishing the feasibility of using AX-4 and AX-7 in vivo, we continued in vitro characterization of the analogs by determining their

mode of action. As mitochondria are thought to be derived from bacteria,33–35 it is possible the mechanism of action of our analogs on mito-

chondrial membranes is similar to the mechanisms of physical membrane disruption proposed in the bacterial screens described above.

While some reports suggest that alexidine is a phosphatidylglycerophosphatase and protein-tyrosine phosphatase 1 (PTPMT1) inhibitor,61

others recently reported a broader structural effect on mitochondria, underscored by alexidine’s preferential binding to inner mitochondrial
iScience 27, 109591, April 19, 2024 9



Figure 5. Alexidine analogs inhibit cell invasion

(A) H1299 cells were embedded as spheroids in recombinant basement membranematrix and treated with the indicated analogs for 48 h. Representative images

of cell invasion are shown. The borders of cell invasion are outlined in white. Scale bar = 250 mm.

(B) Quantification of invasive area of cells treated as in (A) and normalized to DMSO control.

(C) Cells were treated for 48 h with the analogs, as indicated, in 2D cell culture. Lysates were separated by western blot and probed for phosphorylated FAK (pFAK

(Y397)) and total FAK. Actin was used as a loading control. See Figure S6 for quantification of the western blots. For all experiments, three biological replicates

were performed. For (A) and (B), at least four spheroids per treatment were assessed for each biological replicate.MeanG SD is shown. Significance was assessed

using an ordinary two-way ANOVA with a Tukey’s multiple comparisons test, *p % 0.05, **p % 0.01.
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membrane phospholipids and disruption of the mitochondrial cristae.31,43 Therefore, it is likely that AX-4 and AX-7 have a similar preferential

affinity to the phospholipids of the cristae rather than the outer mitochondrial membrane. This is evidenced by the observation that cells

treated with AX-4 and AX-7 have damaged mitochondrial cristae and loss of the respiratory chain assembly factor, COA7, while the outer

membrane remained intact, marked by TOM20 (Figure 3). These mitochondrial structural changes are in accordance with historical observa-

tions that chlorhexidine affects bacteria permeability and renders the bacteria as ‘‘empty shells’’.62,63 After treatment with AX-4, AX-7, or alex-

idine, several mitochondria have a similar ‘‘empty shell’’ phenotype, as observed using electron microscopy (Figure 3A). Additionally, many

mitochondria, particularly in the AX-4-treated samples, exhibited disordered cristae, whereby the cristae membranes created concentric

layers within each other, similar to the ‘‘onion-like’’ effect Houston et al. observed.43 Taken together, we propose that AX-4 and AX-7 interact

with phospholipids in the mitochondrial cristae and cause physical strain to the membrane resulting in deformed and dysfunctional cristae.

Most targeted therapies are aimed at affecting a singular protein or family of proteins. By creating alexidine analogs, we leveraged the

broader impact onmitochondrial metabolism via disruption of the physical mitochondrial structure rather than a single node in themetabolic

signaling cascade. This may create a larger bioenergetic impact among cancers with varyingmodes of heightenedmitochondrial respiration.

Our analogs reduce overall oxygen consumption rate and render the cells less capable of responding to changes in energy demands

(Figures 4E and 4F). Additionally, as disruption of the cristae not only affects the electron transport chain, but also the TCA cycle, AX-4

and AX-7 may have detrimental effects on other biosynthetic pathways beyond limiting mitochondrial ATP production.5 Therefore, we

created small molecules with a multimodal approach to targeting cancer metabolism. Our analogs contribute to the field of anti-cancer stra-

tegies aimed at targeting the mitochondria and other critical organelles. For example, there are promising approaches that utilize reactive

oxygen species (ROS) produced in mitochondria to release and amplify mitochondria-targeted drugs and inducemitochondrial stress in can-

cer cells.64 Photodynamic therapy can be improved by the use of mitochondria-targeted photosensitizers.65 Additionally, approaches to not
10 iScience 27, 109591, April 19, 2024
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only target the mitochondria, but dually-target the mitochondria and the endoplasmic reticulum (ER) allow for enhanced organelle dysfunc-

tion and cytotoxic effects.66 These examples show promising cancer cell growth inhibition both in vitro and in vivo. Taken together, the an-

alogs, AX-4 and AX-7, are part of a growing field of mitochondrial disruptors.

Furthermore, we demonstrated that AX-4 and AX-7 cause depolarization of the DJmand initiation of mitophagy (Figure 4) in concert with

reduced oxidative phosphorylation. As alterations in mitochondrial metabolism and autophagy underly several diseases, further applications

of AX-4 and AX-7 could be extended as tools to better understand neurodegenerative disorders, such as Parkinson’s,67,68 Huntington’s,69 and

Alzheimer’s70 diseases. Additionally, as AX-4 and AX-7 caused metabolic rewiring, these analogs could be useful to combat metabolic dis-

orders, such as diabetes71 and obesity.72

In summary, we developed bisbiguanide compounds with strong efficacy in inducing mitochondrial dysfunction, metabolic stress, and

reduced cell invasion. Further, we established the feasibility of using AX-7 for in vivo studies, as it is retained in mouse tissue and daily dosing

is tolerated. Overall, the alexidine analogs will further our understanding of the importance of mitochondrial metabolism as a therapeutic

target for metastatic cancers.

Limitations of the study

In this study, the alexidine analogs we developed leverage the structural components necessary for effective bacterial targeting, thus produc-

ing potent anti-mitochondrial effects in human cells.While we established that the analogs, AX-4 andAX-7, inducemitochondrial cristae dam-

age and overall metabolic rewiring, further studies are needed to elucidate the exact mechanism the analogs use to interact with the mito-

chondria. Future experiments to determine binding partners of the analogs and analog localization within the mitochondria will be useful to

determine how the analogs induce structural damage to the mitochondria. Additionally, we established the tolerability of AX-4 and AX-7

in vivo; however, further pre-clinical studies are needed to determine the effects of the analogs in in vivo cancer models. These studies

will be important to establish the anti-proliferative and/or anti-metastatic effects of the analogs, and will support the continued development

and study of bisbiguanides for use in human disease.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Phospho-Histone H3 (Ser10) XP rabbit mAb Cell Signaling Cat# 53348; RRID: AB_2799431

Cdc2/CDK1 (POH1) mouse mAb Cell Signaling Cat# 9116; RRID:AB_2074795

CDK4 (D9G3E) rabbit mAb Cell Signaling Cat# 12790; RRID:AB_2631166

CDK6 (DCS83) mouse mAb Cell Signaling Cat# 3136; RRID:AB_2229289

Cyclin D1 (E3P5S) XP rabbit mAb Cell Signaling Cat# 55506; RRID:AB_2827374

Actin, rabbit polyclonal MilliporeSigma Cat# A2066; RRID:AB_476693

COA7, rabbit polyclonal Proteintech Cat# 25361-1-AP; RRID:AB_2880043

TOM20 (D8T4N) rabbit mAb Cell Signaling Cat# 42406; RRID:AB_2687663

TOM20 mouse mAb Proteintech Cat# 66777-1-Ig; RRID:AB_2882123

Phospho-Ubiquitin (Ser65) (E2J6T) rabbit mAb Cell Signaling Cat# 62802; RRID:AB_2799632

Total Ubiquitin (EPR8830) rabbit mAb Abcam Cat# ab134953; RRID:AB_2801561

SQSTM1/p62 (D5E2) rabbit mAb Cell Signaling Cat# 8025; RRID:AB_10859911

PKM2 (D78A4) XP rabbit mAb Cell Signaling Cat# 4053; RRID:AB_1904096

LDHA/LDHC (C28H7) rabbit mAb Cell Signaling Cat# 3558; RRID:AB_2135109

PhosphoDetect Anti-PDH-E1a (pSer293)

rabbit pAb

Millipore Sigma Cat# AP1062; RRID:AB_10616069

PDHA1 monoclonal antibody (9H9AF5) ThermoFisher Cat# 459400; RRID:AB_2532238

Phospho-FAK (Tyr397) rabbit Polyclonal ThermoFisher Cat# 44-624G; RRID:AB_2533701

Total FAK mouse mAb BD Biosciences Cat# 610087; RRID:AB_397494

Chemicals, peptides, and recombinant proteins

Alexidine dihydrochloride MilliporeSigma A8986

AX-1, AX-2, AX-3, AX-4, AX-5, AX-7, AX-10 This paper N/A

propidium iodide ThermoFisher P1304MP

RNase A Qiagen 19101

tetramethylrhodamine methyl ester (TMRM) ThermoFisher I34361

MitoTracker Green ThermoFisher M7514

FCCP MilliporeSigma C2920

oligomycin MilliporeSigma 495455

Matrigel Basement Membrane Matrix Corning 356237

Critical commercial assays

WST-8 Dojindo CK04

Pierce BCA assay ThermoFisher 23227

Seahorse XF Cell Mito Stress Test Kit Agilent 103015–100

Lactate Assay Kit-WST Dojindo L256-20

Experimental models: Cell lines

NCI-H1299 ATCC CRL-5803; RRID:CVCL_0060

Caco-2 ATCC HTB-37; RRID:CVCL_0025

Human Microsomes Corning 452117

Monkey Microsomes XENOTECH P2000

Dog Microsomes XENOTECH D1000

Rat Microsomes XENOTECH R1000

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse Microsomes BioreclamationIVT M00501

Human Hepatocytes BioreclamationIVT X008001

Monkey Hepatocytes RILD HP-SXH-02M

Dog Hepatocytes BioreclamationIVT M00205

Rat Hepatocytes BioreclamationIVT M00005

Mouse Hepatocytes BioreclamationIVT M005052

Experimental models: Organisms/strains

Mice: BALB/c Pharmaron (CRO); SPF (Beijing) Biotechnology

Co. Ltd

B201

Software and algorithms

GraphPad Prism 9.3.1 (471) GraphPad Software https://www.graphpad.com/features

FlowJo (v10.8.0) BD Life Sciences https://www.flowjo.com/

ImageJ/FIJI Schindelin et al.73 https://fiji.sc/

Gene Ontology (version 2023-11-15) powered

by PANTHER (version 18.0)

Ashburner et al.74; The Gene Ontology

Consortium75; Thomas et al.76
https://geneontology.org/

Other

m-Slide 4 Well Glass Bottom ibidi 80427

Seahorse XF Cell Culture Microplate Agilent 102342–100

Amicon Ultra-0.5 mL filter (3K cutoff) MilliporeSigma UFC500396

Bio-Rad ChemiDoc Imaging System Bio-Rad 12003153
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. AdamMarcus

(aimarcu@emory.edu).
Materials availability

The bisbiguanide analogs (patent pending) generated in this study can be requested through the Emory University Office of Technology

Transfer.
Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

H1299 non-small cell lung cancer cells derived from a male patient were purchased from ATCC (Manassas, VA) and grown in RPMI media

supplemented with 10% FBS and 1% pen/strep. Cells were maintained in a humidified incubator at 37�C and 5% CO2 and passaged every

two or three days.
Mouse studies

All mouse studies were performed by Pharmaron (Contract Research Organization, Beijing, China) in accordance with their approved proto-

cols. Adult male and female BALB/c mice aged 8–14 weeks were used for the studies described below.
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METHOD DETAILS

Synthesis methods of the bisbiguanide analogs

The bisbiguanide analogs based on the parent structure, alexidine, were synthesized in consultation with Anthem Biosciences (Contract

Research and Innovation Service Provider (CRISP), Bangalore, India). The synthesized analogs were dissolved in DMSO tomake a 20mM stock

for in vitro studies. A general scheme is shown in Figure S1. Analytical (1H NMR and HPLC) spectra of the alexidine analogs are shown in

Data S1. The steps of the synthesis are described below and structures are provided in Figure S1.

Synthesis of alexidine analog (AX-1)

Typical method for preparation of HCl starting materials 1, 4, 5, 7, 7a-c, 8, and 10 from their free bases. To a solution of n-propyl

amine (free base) (20 mmol, 1 equiv.) in methyl-tertiary-butyl ether (MTBE) (20 mL) at 0�C, was added a solution of HCl in 1,4-dioxane (4.5

M, 1.2 equiv.) dropwise and slowly warmed up to room temperature and stirred for 2 h. The reaction mixture was concentrated to get

crude off-white gummy solid (i.e., 1). These starting materials have shown appropriate matching NMR signals and used for the next

reaction.

Synthesis of precursor 3. A suspension of 4 (9 mmol, 1 equiv.) and 2 (9 mmol, 1 equiv.) in n-BuOH (10 mL) was heated up to 120�C for

16 h. The reaction was monitored by LCMS. At the conclusion of consumption of 4, the reaction mixture was cooled to 25�C–30�C and

stirred for 30 min and filtered the suspension to get pure compound 3 as an off-white solid. Yield: 1.1 g (62%); 1H NMR (400 MHz,

DMSO-d6): d 7.25 (br s, 1H), 6.75 (br s, 2H), 2.95–3.00 (m, 2H), 1.35–1.20 (m, 9H), 0.90–0.70 (m, 6H). LCMS (M + H): m/z calcd. for

C10H21N4 197.30, found 197.60.

Synthesis ofAX-1. A suspension of precursor 3 (5.6 mmol, 1 equiv.) and amine 1 (6.7 mmol, 1.2 equiv.) in n-BuOH (5.5 mL) was heated up to

120�C for 30 h. The reactionwasmonitored by LCMS.When 93%of the precursor was converted, the reactionmixture was concentrated under

reduced pressure to get crude. The crude was purified by preparative-HPLC to get AX-1 as off-white semisolid. Yield: 800 mg (56%); 1H NMR

(400MHz, DMSO-d6): d 7.79–7.78 (br s, 2H), 6.95 (br s, 3H), 3.03 (br s, 4H), 1.47–1.40 (m, 3H), 1.32–1.24 (m, 8H), 0.87–0.84 (m, 9H). LCMS (M+H):

m/z calcd. for C13H29N5 255.41, found 256.50. Purity by HPLC: 99.8%

Synthesis of alexidine analog AX-2

Synthesis of precursor 6. To a suspension of 5 (4.5 mmol, 1 equiv.) and 2 (9 mmol, 2 equiv.) in n-BuOH (5mL) was heated up to 120�C for 16

h. The reaction was monitored by TLC. The reaction mixture was cooled to 25�C–30�C and stirred for 30 min and filtered the suspension. The

collected solid was dried to get off-white solid 6. Yield: 1.2 g (94%); 1H NMR (400 MHz, DMSO-d6): d 7.10 (br s, 2H), 6.69 (br s, 4H), 3.10–2.85

(m, 4H), 1.50–1.10 (m, 8H). LCMS (M + H): m/z calcd. for C10H19N8 251.31, found 251.30.

Synthesis of AX-2. A suspension of 6 (4. mmol, 1 equiv.), methylamine hydrochloride 7 (8. mmol, 2 equiv.) in n-BuOH (5 mL) was heated up

to 120�C for 16 h. The reactionwasmonitored by TLC. The reactionmixturewas cooled to 25�C–30�Canddissolved inMeOHand filtered. The

filtrate was concentrated to get crude compound as a yellow gummy-solid. Which was purified by prep-HPLC to provide AX-2. Yield: 175 mg

(10% as TFA salt); 1H NMR (400 MHz, DMSO-d6): d 8.23 (br s, 4H), 7.35–6.75 (br s, 6H), 3.10–3.05 (m, 4H), 2.71 (s, 6H), 1.46 (s, 4H), 1.27 (s, 4H).

LCMS (M + H): m/z calcd. for C12H28N10 312.42, found 313.60. Purity by HPLC: 99.8%.

Synthesis of alexidine analog (AX-3)

Synthesis of precursor 9. To a suspension of 8 (1.2 mmol, 1 equiv.) and 2 (2.4 mmol, 2 equiv.) in n-BuOH (10mL) was heated up to 120�C for

16 h. The reaction was monitored by TLC. TLC indicated complete consumption of 8. The reaction mixture was cooled to 25�C–30�C and

stirred for 30 min and filtered the suspension and resulting solid was dried to get 9. Yield: 2.1 g (77%): 1H NMR (400 MHz, DMSO-d6):

d 7.24 (br s, 2H), 6.75 (br s, 4H), 3.15–2.95 (m, 4H), 1.50–1.30 (m, 4H).

Synthesis of AX-3. To a suspension of 9 (4.5 mmol, 1 equiv.) and 4 (9 mmol, 2 equiv.) in n-BuOH (5 mL) was heated up to 155�C for 20 h. The

reaction was monitored by LCMS for 20 h. The reaction mixture was cooled to rt and dissolved in MeOH and filtered, the filtrate was concen-

trated to get crude which was purified through column chromatography using basic alumina (20% MeOH in DCM) to afford the solid which

was further triturated withMTBE: isopropanol (IPA) (9:1) to get pure compoundAX-3 as off-white solid. Yield: 150 mg (7%); 1H NMR (400MHz,

DMSO-d6): d 7.68 (br s, 4H), 6.95 (br s,6H), 3.05–3.00 (m, 8H), 1.46 (br s, 6H), 1.30–1.22 (m, 16H), 0.85–0.80 (m, 12H). LCMS (M+H): m/z calcd. for

C24H52N10 480.75, found 481.90. Purity by HPLC: 99.2%.

Synthesis of alexidine analog (AX-4)

Synthesis of precursor 11. To a suspension of 10 (4.5 mmol, 1 equiv.) and 2 (9 mmol, 2 equiv.) in n-BuOH (5 mL) was heated up to 120�C for

16 h. The reaction was monitored by TLC. The reaction mixture was cooled to 25�C–30�C and stirred for 30 min and filtered the suspension

and dried to get off-white solid 11. Yield: 1.2 g (94%); 1H NMR (400MHz, DMSO-d6): d 7.00–6.30 (m, 6H), 3.15–2.90 (m, 4H), 1.50–1.10 (m, 12H).
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Synthesis ofAX-4. To a suspension of 11 (3.5 mmol, 1 equiv.) and 4 (7.2mmol, 2.2 equiv.) in n-BuOH (5mL) was heated up to 120�C for 20 h.

The reaction was monitored by LCMS for 20 h. The RM was concentrated under reduced pressure to get crude as a gummy solid, which was

purified by preparative-HPLC to provide 11. Yield: 80mg (6%). 1HNMR (400MHz, DMSO-d6): d 7.78 (br s, 4H), 6.95 (br s, 6H), 3.10–3.00 (m, 8H),

1.42 (br s, 6H), 1.27–1.22 (m, 24H), 0.90–0.70 (m, 12H). LCMS (M + H): m/z calcd. For C28H60N10 536.86, found 537.90. Purity by HPLC: 98.5%.

Synthesis of alexidine analogs AX-5, AX-7 and AX-10

Synthesis of AX-5. A suspension of 6 (0.8 mmol, 0.4 equiv.) and 7a (2.0 mmol, 2.5 equiv.) in n-BuOH (5mL) was heated up to 120�C for 16 h.

After 16 h by LCMS showed only 50%desired bis-coupled product and 20%ofmono-coupled product. The RMwas concentrated to get crude

semisolid, which was purified by prep HPLC to provide AX-5. Yield: 150 mg (16%); 1H NMR (400 MHz, DMSO-d6): d 7.27 (br s, 4H), 6.73 (br s,

5H), 3.08–3.03 (m, 8H), 1.44 (br s, 5H), 1.25–1.15 (m, 30H), 0.90–0.85 (m, 12H). LCMS (M+H): m/z calcd. for C30H64N10 564.91, found 566.0. Purity

by HPLC: 97.6%.

Synthesis of AX-7. A suspension of 6 (4 mmol) and 7b (8.42 mmol, 2.1 equi.) in n-BuOH (10 mL) was heated up to 120�C for 32 h. After 32 h,

LCMS showed 64% of desired bis-coupled product and 21% of mono-coupled. The RM was concentrated to get crude semisolid, which was

purified by prep-HPLC. Yield: 175 mg (8%) (formate salt). 1H NMR (400 MHz, DMSO-d6): d 8.41 (s, 2H), 8.12 (br s, 3H), 7.05 (br s, 7H), 3.05–3.00

(m, 8H), 1.43–1.27 (m, 4H), 1.27–1.20 (m, 10H), 1.05–0.90 (m, 2H), 0.90–0.70 (m, 12H). LCMS (M + H): m/z calcd. for C22H48N10 452.41, found

453.90. Purity by HPLC: 99.4%.

Synthesis of AX-10. A suspension of 6 (160 mg, 1.11 mmol) and 7c (143 mg, 0.54 mmol) in n-BuOH (5 mL) was heated up to 130�C for 20 h.

After 20 h, LCMS showed 70% of desired product and 21% of mono-coupled product. The RM was concentrated to get crude, which was

purified by prep-HPLC. Yield: 25 mg (10%). 1H NMR (400 MHz, CD3OD): d 8.50 (br s, 2H), 3.43–3.40 (m, 4H), 3.33–3.30 (m, 6H), 3.22–3.21

(m, 8H), 1.61–1.57 (m, 14H), 1.39–1.35 (m, 5H), NH protons are not detected. LCMS (M + H): m/z calcd. for C20H44N10O2 456.64, found

457.80. Purity by HPLC: 92.2%.
Cell growth assays

For cell growth assays, 13 103 cells/well were seeded in a 96-well plate and grown overnight. The next day, cells were treated with serial half

dilutions of the specified analogs, starting at 20 mMand diluting down to 0.078 mM. Cells were incubated with the drug for 72 h. For detection

using the sulforhodamine B (SRB) assay, cells were fixed with cold 10% TCA for 1 h, washed with water, and dried. Cells were then stained

using 0.4% SRB solution for 15min, washedwith water and 1% acetic acid, and dried. 10mMTris (pH 10.5) was added to each well. The optical

density (OD) was measured at 560 nm. For detection using theWST-8 reagent (Dojindo, CK04), the WST-8 reagent was added directly to the

cell culture media at a 1:10 dilution. After 2 h of incubation at 37�C, the optical density was measured at 450 nm.

For both assays, three biological replicates were performed, each with three technical replicates. The OD was normalized to the DMSO

control. Data were fit with a nonlinear regression model in GraphPad Prism to determine the IC50 and 95% confidence intervals.
Cell cycle analysis

For measurement of the proportion of cells in each stage of the cell cycle, 1.753 105 cells were seeded in 10 cm plates and grown overnight.

The next day, cells were treated with 0.5, 1, or 2 mM of the analogs or DMSO as the control. After 48 h, attached and floating cells were

collected as a pellet and resuspended in 0.5 mL DPBS. 4.5 mL of cold 70% ethanol was added dropwise with light agitation for approximately

1 min. Cells were stored at 4�C overnight. After washes with PBS and pelleting, cells were resuspended with 40 mg/mL propidium iodide

(ThermoFisher, P1304MP) and 100 mg/mL RNase A (Qiagen, 19101) and incubated at 37�C for 30 min with gentle shaking. Stained cells

were analyzed by flow cytometry using the BD FACSymphony A3. Cell cycle frequency wasmodeled using FlowJo. Three biological replicates

were performed.
Western blot

For analysis of protein levels in treated cells, 1.75 3 105 cells were seeded in 10 cm plates and grown overnight. The next day, cells were

treated with 1 or 2 mM of the analogs or DMSO as the control. After 48 h, cell media was collected to harvest any floating cells. Lysis buffer

(2% SDS, 50 mM Tris pH 8.0, 100 mM NaCl, Halt protease/phosphatase inhibitors (ThermoFisher, 78442)) was added to the plates and cells

were scraped, collected, and sonicated. Protein concentration was determined by Pierce BCA assay (ThermoFisher, 23227). Proteins were

separated using SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes, and detected using the

Bio-Rad ChemiDoc Imaging System (Bio-Rad, 12003153). The following primary antibodies were used: pHistone H3 (S10) (Cell Signaling,

53348); Cdc2/CDK1 (Cell Signaling, 9116); CDK4 (Cell Signaling, 12790); CDK6 (Cell Signaling, 3136); cyclin D1 (Cell Signaling, 55506); actin

(MilliporeSigma, A2066); COA7 (Proteintech, 25361-1-AP); TOM20 (Cell Signaling, 42406); pUb (Ser65) (Cell Signaling, 62802); Total Ubiquitin

(Abcam, ab134953); SQSTM1/p62 (Cell Signaling, 8025); PKM2 (Cell Signaling, 4053); LDHA/LDHC (Cell Signaling, 3558); pPDH (S293)

(MilliporeSigma, AP1062); PDHA1 (ThermoFisher, 459400); pFAK (Y397) (ThermoFisher, 44624G); Total FAK (BD Biosciences, 610087). Three

biological replicates were performed. Quantification of the integrated density of western blot bands was performed using ImageJ/FIJI.73
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Integrated density was normalized to actin. For pPDH (S293) and pFAK (Y397), integrated density was normalized to their corresponding total

protein levels, PDHA1 and FAK, respectively. Normalized values were then compared to the DMSO control and analyzed using GraphPad.

Caco-2 permeability assay

Permeability of the analogs was performed by Pharmaron (Beijing, China). Briefly, Caco-2 cells were grown to a confluentmonolayer on trans-

well plates and assessed bymeasuring the transepithelial electrical resistance (TEER) across themonolayer. 5 mMof the test compounds were

added to either the apical or the basolateral compartment to determine directionality of drug transport. After 2 h, samples from the donor

and receiver sides were assessed by LC-MS/MS. Lucifer Yellow was used to determine any leakage.

Hepatic metabolic stability

Metabolic stability of AX-7 was performed by Pharmaron (Beijing, China) in different species of liver microsomes and hepatocytes.40,41,77

Briefly, 2 mM of AX-7 was added to liver microsomes and incubated at 37�C. Aliquots of the reaction solution were taken at 0, 15, 30, 45,

and 60 min and assessed by LC-MS/MS. For assessment in hepatocytes, 1 mM of AX-7 was added to the cells and aliquots were taken at

0, 15, 30, 60, 90, and 120 min for assessment by LC-MS/MS.

In vivo pharmacokinetic studies

In vivo pharmacokinetics of AX-4, AX-7, and alexidine were performed by Pharmaron (Beijing, China). Two studies were conducted. For the

first study, 5 mg/kg AX-4, AX-7, or alexidine (in 1% DMSO, 99% water solution) was administered via intraperitoneal (IP) injection into female

BALB/c mice. Animals were observed to determine any abnormal behavior. Blood plasma was collected at 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h.

Calibration standards, quality control samples, and test samples were prepared and injected into a liquid chromatography with tandem

mass spectrometry (LC-MS/MS) system to quantitatively determine the terminal elimination half-life (T1/2) and maximum concentration.

n = 3 mice per treatment.

A second study was conducted in which 2mg/kg AX-7 (in 1%DMSO, 99%water solution) was administered via IP injection intomale BALB/

cmice, once a day for five days. Animals were observed to determine any abnormal behavior. Blood plasma, lung, and kidneys were collected

at 0.25, 1, and 4 h after the last dose for LC-MS/MS analysis to determine tissue concentration, as described above. Urine samples were

collected 0–4 h after the last dose. Lung and kidney samples were homogenized in water at a 1:4 tissue to water ratio. The concentration

calculated by LC-MS/MS (in ng/mL) was multiplied by 5 to achieve the actual tissue concentration in ng/g. For urine samples, the percentage

of AX-7 excretedwas calculated based on the amount detected via LC-MS/MS 0–4 h after the last dose and the initial amount of the final dose

administered. For plasma, lung, and kidney samples, n = 3 mice per timepoint. For urine samples, n = 3 mice at the final timepoint.

Proteomics

To conduct a pilot proteomics study of treated cells, 1.753 105 H1299 cells were seeded in 10 cm plates and grown overnight. The next day,

cells were treated with 1 mMof alexidine or DMSO as the control. After 48 h, cells were washed in DPBS, trypsinized, and collected as a pellet.

The cell pellets were washed twice with DPBS, pelleted, and frozen on dry ice and stored at�80�C until further processing. Pellets were then

lysed in 8M urea buffer and protein concentration was quantified by BCA assay. 100 mg protein were treated with 5 mM dithiothreitol (DTT) at

room temperature for 30 min, followed by treatment with 10 mM iodoacetimide (IAA) for 30 min in the dark. Protein digestion was adapted

from a previously published protocol.78 Proteins were then digested with 4 mg of lysyl endopeptidase (Wako) at room temperature overnight

and were further digested overnight with 4 mg trypsin (Promega) at room temperature. The resulting peptides were desalted with HLB column

(Waters) and were dried under vacuum.

Peptides were analyzed by LC-MS/MS, adapting a published protocol.79 Derived peptides were resuspended in the loading buffer (0.1%

trifluoroacetic acid, TFA) and were separated on aWater’s Charged Surface Hybrid (CSH) column (150 mm internal diameter (ID) x 15 cm; par-

ticle size: 1.7 mm). The samples were run on an EVOSEP liquid chromatography system and were monitored on a Q-Exactive Plus Hybrid

Quadrupole-Orbitrap Mass Spectrometer (ThermoFisher Scientific). The mass spectrometer cycle was programmed to collect one full MS

scan followed by 20 data dependent MS/MS scans.

Label-free quantification (LFQ) analysis was performedusingMaxQuant.79 Spectrawere searched in Andromeda andquantification of pro-

teins was performed using summed peptide intensities given by MaxQuant. The quantification method only considered razor plus unique

peptides for protein level quantification. LFQ intensities were then compared between DMSO-treated (control) and alexidine-treated cells.

Proteins with intensities that were at least 2-fold higher in control cells than alexidine-treated cells were analyzed using Gene Ontology (GO)

Enrichment Analysis74,75 (version 2023-11-15) and PANTHER76 (version 18.0) using GO Biological Process and GO Cellular Component anno-

tation datasets. One biological replicate was used for this pilot study.

Electron microscopy

To visualize mitochondrial structure by electron microscopy, 1.753 105 cells were seeded in 10 cm plates and grown overnight. The next day,

cells were treated with 1 or 2 mM of the analogs or DMSO as the control. After 48 h, cells were washed in DPBS, scraped, and collected as a

pellet. The cell pellets were fixed for 4 h at room temperature in a mixture of 2.0% paraformaldehyde and 2.5% glutaraldehyde in 0.1M ca-

codylate buffer at pH 7.2. Fixed cell pellets were then washed in 0.1 M cacodylate buffer and stored at 4�C until further processing. The
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samples were then post fixed in 1.0% Osmium tetroxide for 1 h, washed with water, and then stained en bloc with 2% aqueous uranyl acetate

for 20 min at 60�C. The samples were then dehydrated in a series of increasing ethanol concentrations up to three changes in 100% ethanol,

followed by two changes in 100% propylene oxide. Samples were embedded in Eponate 12 resin and polymerized for 24 h at 60�C. Ultrathin
sections were cut with a Leica EMUC6 ultramicrotome, stained with uranyl acetate and lead citrate, and imaged in a Hitachi HT7700 TEM, or a

Jeol JEM 1400 TEM both operated at 80KV. Three biological replicates were performed.

Immunofluorescence

To identify in situ COA7 and TOM20 localization, 5 3 103 or 1 3 104 cells were seeded in glass-bottom slides (ibidi, 80427) and grown over-

night. The next day, cells were treated with 1 or 2 mM of the analogs or DMSO as the control. After 48 h, cells were fixed in 4% paraformal-

dehyde for 20 min at room temperature. Cells were then washed (0.2% Triton X-100 in PBS with Ca2+ and Mg2+) and blocked in 3% BSA (in

wash buffer) for 1 h. Cells were incubatedwith primary antibody overnight at 4�C. Primary antibodies usedwere TOM20 (Proteintech, 66777-1-

Ig) andCOA7 (Proteintech, 25361-1-AP). The next day, cells were washed and incubatedwith secondary antibodies and 40,6-diamidino-2-phe-

nylindole (DAPI) (Sigma) for 50 min at room temperature. Washed cells were then imaged using a Leica SP8 confocal microscope with a 633

objective. At least 60 cells were imaged per treatment and per three biological replicates. Images were analyzed, processed, and the Pear-

son’s correlation coefficient determined using ImageJ/FIJI.73

Mitochondrial flow cytometry assays

Mitochondrial membrane potential (DJm) was detected using tetramethylrhodamine methyl ester (TMRM) (ThermoFisher, I34361). 1.75 3

105 cells were seeded in 10 cm plates and grown overnight. The next day, cells were treated with 1 mMof the analogs or DMSO as the control.

After 48 h, attached and floating cells were collected as a pellet, washed, and resuspended in flow buffer (RPMI, no phenol red, 2% dialyzed

FBS) with or without 2 nMTMRM.Cells were incubated for 30min at 37�Cwithmodest agitation, then pelleted and resuspended in flowbuffer

for analysis via flow cytometry using the BD FACSymphony A3.

For the detection of mitochondrial load, cells were prepared as described above and stained with 20 nM MitoTracker Green

(ThermoFisher/Invitrogen, M7514) instead of TMRM. Flow buffer with MitoTracker Green did not contain FBS. Cells were incubated for

30 min at 37�C with modest agitation. Samples were then processed as above.

For experiments with the addition of carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) or oligomycin, cells were prepared as

described above. During the incubation with TMRM, 200 nM FCCP (MilliporeSigma, C2920) or 1 mMoligomycin (MilliporeSigma, 495455) was

added to the cells. Samples were then processed as above.

All data were further analyzed using FlowJo. Three biological replicates were performed for each experiment.

Metabolic assays

To determine the effects of the analogs on oxygen consumption rate (OCR), cells were analyzed using the Agilent Seahorse Cell Mito Stress

Test (Agilent Technologies, 103015-100) and a Seahorse XFe24 analyzer, according to the manufacturer’s protocols.59 Briefly, 7.53 103 cells

were seeded per well in a 24-well Seahorse XF Cell Culture Microplate (Agilent Technologies, 102342-100). The next day, cells were treated

with 1 mMof the analogs or DMSO as the control. Four technical replicates were performed for each drug treatment. After 48 h, the cells were

prepared for OCR assessment. The day prior, the Seahorse cartridge was hydrated in the provided calibrant. On the day of the assay, cells

were incubated in Seahorse XF RPMI media, supplemented with 10 mM glucose, 1 mM sodium pyruvate, and 2 mM glutamine in a non-CO2

incubator for approximately 1 h. During that time, 2.5 mM oligomycin, 2 mM carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP),

and a 0.5 mM rotenone/antimycin mixture were prepared, added to the sensor cartridge, and the cartridge calibrated. Fresh Seahorse media

was added to the cells just prior to starting the assay. OCR was detected before and after sequential treatment with the oligomycin, FCCP,

and rotenone/antimycin. Cells were trypsinized and counted at the end of the experiment. OCR was normalized per relative cell count. Data

was analyzed using the Wave software. Three biological replicates were performed.

For assessment of extracellular lactate amount, 3.75 3 104 or 7.5 3 104 cells were seeded per well in a 6-well plate and grown overnight.

The next day, cells were treated with 1 or 2 mM of the analogs or DMSO as the control. After 48 h, media was collected and added to an Ami-

con Ultra-0.5 mL filter (3K cutoff) (MilliporeSigma, UFC500396) and centrifuged at 14,000 3 g for 15 min at 4�C. Cells were trypsinized,

collected, and counted to use for normalization. Extracellular lactate was determined using the Lactate Assay Kit-WST (Dojindo, L256-20) us-

ing the manufacturer’s protocol. Media was diluted 1:20 and assessed in triplicate. Lactate levels were determined using a lactate standard

curve and normalized to the cell count and DMSO control. Three biological replicates were performed.

3D spheroid invasion assay

Spheroids were formed, as previously described.80 Briefly, 33 103 cells/well were seeded in low-attachment 96-well plates (Corning) and incu-

bated for three days to form spheroids. Spheroids were then embedded in Matrigel containing 0.5, 1, or 2 mM of the indicated analogs and

cultured in media with the indicated analogs in a 35 mm glass-bottom dish. At least four spheroids were embedded per treatment, per three

biological replicates. Spheroids were incubated for 48 h. Images were captured at Day 0 and Day 2 using an Olympus IX51 microscope with

the 43 objective and Infinity2 CCD camera. Invasion area was measured by outlining the perimeter of the spheroid using ImageJ/FIJI73 and

calculated by subtracting the Day 0 spheroid area from the Day 2 area.
20 iScience 27, 109591, April 19, 2024



ll
OPEN ACCESS

iScience
Article
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism. Experiments in which multiple doses of multiple analogs were compared, signif-

icance was assessed using an ordinary two-way ANOVAwith a Tukey’s multiple comparisons test. For experiments in which there was a single

variable and three or more comparisons made, an ordinary one-way ANOVA with Tukey’s multiple comparisons test was used to determine

significance. Data is represented as mean G SD of three biological replicates, unless specified in the figure legend. *p % 0.05, **p % 0.01,

***p % 0.001, ****p % 0.0001.
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