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Abstract
Electronic nicotine delivery systems are marketed as safer than cigarettes, but their flavoring agents may be toxic. We
evaluated reproductive effects of menthol- and strawberry-flavored e-liquids in Caenorhabditis elegans using wild-type
and chemosensory-defective mutants (ocr-2; osm-9; ocr-1; trpa-1). L4-stage worms were exposed to flavored e-liquids on
peptone-free media with Escherichia coli or natural microbiota (Lelliottia amnigena, Stenotrophomonas indicatrix,
Comamonas piscis). Flavored exposure reduced brood size; menthol delayed egg-laying. Microbiota mitigated effects in
most strains except ocr-2; osm-9; ocr-1 with strawberry. Findings show flavored e-liquids harm reproduction, and
microbiota may protect against flavor-induced toxicity.

Figure 1. Effects of strawberry and menthol flavored e-liquids on brood size in wild type worms (WT) and
chemosensory defective mutants (TRPV [ocr-2, osm-9, ocr-1] and TRPA-1 [trpa-1]) seeded on E. coli OP50 or
members of the natural microbiota of C. elegans (CeMBio-3):
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The red horizontal bracket shows the p-value from a two-way ANOVA test. The blue horizontal bracket shows results
from one-way ANOVA. Dunnett tests were performed as post-test to compare groups against control. Significant
differences between exposure groups and control are shown with p-values; non-significant group differences are omitted.
Error bars represent 95% confidence intervals of the mean. Sample sizes (n) for each condition are as follows: for the
three genetic variations of nematodes seeded on E. coli OP50, WT (control: n=18, PG/VG: n=10, menthol: n=14,
strawberry: n=12), ocr-2, osm-9, ocr-1 (control: n=20, PG/VG: n=9, menthol: n=12, strawberry: n=14), trpa-1 (control:
n=19, PG/VG: n=9, menthol: n=13, strawberry: n=15); and for nematodes seeded on members of the natural microbiota of
C. elegans – WT (control: n=18, PG/VG: n=9, menthol: n=13, strawberry: n=16), ocr-2, osm-9, ocr-1 (control: n=18,
PG/VG: n=10, menthol: n=17, strawberry: n=16), trpa-1 (control: n=14, PG/VG: n=9, menthol: n=9, strawberry: n=15).

Description
Electronic nicotine delivery systems (ENDS) are often marketed as safer alternatives to cigarettes and as cessation aids,
yet evidence for their long-term safety and efficacy remains limited. While ENDS may be less harmful than combustible
tobacco, they are not risk-free. ENDS contain various toxic constituents—nicotine, solvents, humectants, and flavorings—
which are linked to health effects similar to those caused by traditional cigarettes (Davis et al., 2022; Haswell et al., 2023;
Kaur et al., 2018; Lee & Kim, 2023; Majek et al., 2023). Aerosols from ENDS contain lower but detectable concentrations
of toxicants found in cigarette smoke, including carcinogens and reactive oxygen species (ROS) (Belkin et al., 2023;
Czekala et al., 2019; Muthumalage et al., 2017; Tang et al., 2022) contributing to inflammation and oxidative stress.

Regulatory concerns have centered around flavors, which are linked to youth initiation, ongoing adult use, and
misperceptions of harm (Cullen et al., 2019; Li et al., 2022; Romijnders et al., 2018). Studies show certain flavors—such
as menthol, cinnamon, and strawberry—can enhance cellular toxicity by altering immune responses and disrupting
epithelial barrier integrity (Gaurav, 2019; Johne et al., 2023), through the activation of transient receptor potential ankyrin
1 (TRPA1) and transient receptor potential vanillin 1 (TRPV1). Activation of these receptors by those flavorings
contributes to inflammation and may be associated with adverse sensory or nociceptive effects (Bitar et al., 2025).
However, few studies have specifically examined these outcomes as biological endpoints of ENDS flavor exposure
(Muthumalage et al., 2019; Muthumalage et al., 2017). Although in vitro and animal models offer valuable insights,
limited standardization across studies complicates interpretation and translational relevance (Muthumalage et al., 2024).
Common findings include epithelial disruption, elevated pro-inflammatory signaling, and receptor-mediated cellular stress
responses involving TRPA1 and TRPV1 (Lamb et al., 2020; Lamb & Rahman, 2023; Muthumalage et al., 2019). In this
study, we examined the toxic effects of flavored e-liquids—specifically menthol and strawberry—on reproductive health
in the nematode Caenorhabditis elegans (C. elegans), and the potential protective effects of its natural microbiota. C.
elegans is a widely used model organism for toxicology, neurobiology, and host-microbe interaction studies due to its
genetic tractability, transparent anatomy, and conserved molecular pathways (Markaki & Tavernarakis, 2020; Wu et al.,
2019). Under laboratory conditions, C. elegans reproduces rapidly and allows high-throughput screening of
developmental and reproductive toxicity (Xiong et al., 2017). Importantly, chemosensory pathways involving TRP
channels, such as TRPA-1 and TRPV subunits (OCR-2, OSM-9, OCR-1), play key roles in chemosensation and
reproductive regulation (Panitz et al., 2015).

To assess toxicity, we exposed wild-type (N2 Bristol) and TRP channel mutants (ocr-2,osm-9,ocr-1 triple mutant and trpa-
1 mutant) to menthol- and strawberry-flavored e-liquids on agar plates seeded with E. coli OP50. Brood size and timing of
egg-laying were used as outcome measures. Results showed that both flavors significantly reduced total brood size in
wild-type worms (p<0.0001), with menthol exposure also delaying peak egg-laying to Day 2 (127.1±28.5 compared to
63.7±45.4 in the control group, p<0.001). Vehicle controls using PG/VG showed no significant reproductive effects,
isolating the toxicity to flavoring chemicals. Similar reproductive toxicity was observed in all mutant strains exposed to
menthol and strawberry e-liquids. Total brood size was reduced by approximately 20–33% depending on genotype and
flavor (p<0.05–0.001). Notably, menthol exposure caused delayed egg-laying in both mutant strains. Strawberry exposure
led to sharp brood reductions in trpa-1 mutants on Day 1, but not to the same delay seen with menthol.

We next evaluated whether the nematode's native microbiota could mitigate these toxic effects. Three bacterial strains
from the CeMbio microbiota resource—Lelliottia amnigena, Stenotrophomonas indicatrix, and Comamonas piscis—were
used to precondition and feed worms in place of OP50. Under this condition, wild-type and trpa-1 mutants exposed to
flavored e-liquids showed restored brood sizes, with no significant differences from controls. This suggests microbiota-
mediated protection. However, ocr-2,osm-9,ocr-1 mutants exposed to strawberry e-liquids still exhibited a significant
reduction in brood size, indicating that TRPV channels may be necessary for the microbiota's protective effect. Daily
reproductive counts supported these findings: wild-type and trpa-1 mutants showed improved progeny production across
days when fed microbiota strains, especially on Days 0–2. In contrast, ocr-2,osm-9,ocr-1 mutants remained susceptible to
strawberry e-liquid toxicity, even with microbiota preconditioning. These results suggest that TRP channels may modulate
both flavor-induced toxicity and the protective effects of the microbiota. Previous studies support this idea—Panitz et al.
showed decreased brood size and developmental delay in worms exposed to nicotine and PG (Panitz et al., 2015), while
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Wang et al. demonstrated lifespan reduction following flavored e-liquid exposure (Wang et al., 2020). Although neither
study tested microbiota interactions, both support the harmful potential of e-liquid components.

Interestingly, our study used nicotine-free e-liquids, isolating flavor effects from nicotine-induced toxicity. The finding
that PG/VG alone was not toxic further emphasizes the role of flavoring chemicals in reproductive impairment. This
aligns with in vitro data showing that flavorings can independently induce oxidative and inflammatory responses
(Muthumalage et al., 2019; Muthumalage et al., 2017). Given that PG/VG alone can elicit inflammatory responses, our
findings suggest that the reproductive effects observed with flavored e-liquids may involve additional, possibly flavor-
specific mechanisms—potentially independent of, or distinct from, the inflammatory pathways activated by PG/VG. Our
findings also highlight the emerging importance of integrating microbiota into toxicological evaluations. Recent work by
Haçariz et al. demonstrated that natural microbial strains colonizing the C. elegans gut enhanced resistance to toxicants
such as juglone and silicon dioxide nanoparticles through activation of detoxification pathways (Haçariz et al., 2021).
Similarly, in our study, microbiota preconditioning improved reproductive outcomes in most strains, potentially through
modulation of metabolic or immune pathways.

In summary, this study demonstrates that menthol- and strawberry-flavored e-liquids impair reproduction in C. elegans via
mechanisms likely involving TRPA1 and TRPV channels. Preconditioning with members of the natural microbiota can
mitigate these effects in wild-type and trpa-1 mutants, but not in ocr-2,osm-9,ocr-1 mutants, suggesting TRPV-dependent
protection. Our results provide foundational insights for using C. elegans in evaluating ENDS flavor toxicity and host-
microbiota interactions. Future work integrating transcriptomic profiling and microbial colonization analysis will further
elucidate mechanisms underlying microbiota-mediated resilience to environmental exposures.

Methods
Nematode strains were obtained from the Caenorhabditis Genetics Center and were maintained at 20 °C on 60 mm NGM
agar plates seeded with E. coli OP50, with periodic transfers to prevent overcrowding and starvation. Three nematode
strains were included in the study: N2 Bristol (wild type) and the chemosensory defective RB1052, and FG125. Age-
synchronized, germ-free L4-stage nematodes were prepared by treating well-fed gravid hermaphrodites with an alkaline
hypochlorite solution. Worms were washed off NGM plates using M9 buffer (3 g KH₂PO₄, 6 g Na₂HPO₄, 5 g NaCl, 1 mL
1 M MgSO₄, H₂O to 1 L) until the supernatant was clear. The worm pellet was then treated with bleach solution, followed
by several washes with M9 buffer to remove residual bleach. Egg pellets were resuspended in 100 µL of sterile M9 buffer
and plated onto 35 mm NGM peptone-free (NGMPF) dishes seeded with the bacteria of interest. NGMPF plates were
utilized to minimize bacterial overgrowth during experiments.

Preparation of Bacterial Mixtures

Strains of bacteria utilized in this study were obtained from the Caenorhabditis Genetics Center and included the standard
E. coli OP50 and members of the CeMbio resource group (natural microbiota of C. elegans) (Dirksen et al., 2020). The
following bacterial strains were utilized in this study: Lelliottia amnigena (JUb66), Stenotrophomonas indicatrix (JUb19),
Comamonas piscis (BIGb0172). Upon arrival, single colonies from each bacteria culture plate were individually
inoculated and cultured (48 hours) in Luria Broth medium at 25 °C and posteriorly stored at as 50% glycerol stocks at -80
°C to prevent bacteria adaptation to laboratory conditions. Natural microbiota mixtures were prepared by recovering
bacterial cultures from glycerol stocks onto 60 mm LB agar plates (10 g Bacto-tryptone, 5 g Bacto-yeast, 5 g NaCl, 15 g
agar, H₂O to 1 L, pH 7.5) and incubating for 48 h at 25 °C. Individual colonies were used to inoculate 800 µL of LB
medium in 1 mL deep-well plates and incubated for 48 h at 25 °C. Bacterial growth was assessed via spectrophotometry
and normalized to an OD₆₀₀ of 1.0 using sterile-filtered M9 buffer. Pellets from each bacterial culture were obtained by
centrifugation, and a microbiota master mix was created by combining equal volumes of each strain in sterile tubes,
according to experimental groups. All procedures were conducted under a biosafety cabinet.

Flavored E-liquids

Commercial flavored e-liquids were purchased in a local vaping shop in San Antonio, Texas. Strawberry flavors are
among the most toxic and popular flavors preferred by users (Leigh et al., 2016) (Bitzer et al., 2018). The e-liquids
contained no nicotine and a PG to VG ratio of 50:50. In the current study, a vehicle control group containing the same
ratio of PG/VG was prepared using chemicals purchased from a vaping online store.

Exposure to Flavored E-liquids

NGMPF plates were prepared 24 h prior to exposure by adding strawberry or menthol flavored e-liquids at a concentration
of 50 µL per mL of NGMPF media. This concentration was determined based on pilot acute toxicity assays, where a 50%
lethality rate was observed in wild-type nematodes exposed to 50 µL of the original e-liquid solution. Control groups
received either M9 buffer or a 50:50 PG/VG mixture. Exposure commenced upon the addition of eggs to the pretreated
NGMPF plates seeded with the respective bacterial mixtures.

Brood Size Assay
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For brood size assays, age-synchronized L4.4–L4.6 stage worms were individually transferred (n = 5 per treatment) onto
new control or e-liquid pretreated NGMPF plates seeded with bacterial mixtures and maintained at 20 °C. Adult worms
were transferred daily to new plates over a 5-day period, allowing egg-laying, and progeny were counted daily post-
hatching. Each treatment condition included at least three biological replicates, with three technical iterations per
experiment.

Statistical Analysis

Statistical analysis was performed with Minitab Statistical Software 21.1.0 (Minitab Inc., State College, PA, USA). Data
for continuous variables are shown as mean ± standard error of means (SEM) if normally distributed; otherwise, median
with 25 and 75 percentiles are provided. Kolmogorov-Smirnoff test was used to assess normality. One-way ANOVA and
Dunnet post-test (normal distribution) or Kruskal-Wallis followed by Dunn's Test (non-normal data) were performed.
Two-way ANOVA were performed to assess the effects of exposure to control/flavored e-liquid and type of bacterial
preconditioning across C. elegans strains. Error bars represent the 95% confidence interval of the mean. p < 0.05 was
considered for significant differences.

Reagents

Strain Genotype Source

RB1052 trpa-1(ok999) IV (TRPA1 channel knockout) Caenorhabditis Genetics Center
(CGC)

FG125 ocr-2(ak47) osm-9(ky10) IV; ocr-1(ak46) V (TRPV channel triple
knockout) Caenorhabditis Genetics Center

Acknowledgements: C. elegans strains and bacteria were provided by the CGC, which is funded by NIH Office of
Research Infrastructure Programs (P40 OD010440).
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