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Introduction
During the ex vivo holding phase of hair restoration surgery, follicular units (FUs) experience unavoidable ischemic
stress that rapidly activates early intrinsic apoptotic signaling despite preserved structural integrity. Even under standard
hypothermic saline storage, oxygen and nutrient deprivation leads to progressive ATP depletion, mitochondrial dysfunc-
tion, and reactive oxygen species accumulation — molecular events that prime grafts for apoptotic commitment within
the first hour after extraction.! At the mitochondrial checkpoint, this decision is governed by the balance between pro-
apoptotic BAX, which promotes outer membrane permeabilization, and anti-apoptotic BCL-2, which preserves mem-
brane integrity; their ratio therefore serves as an early indicator of cellular apoptotic threshold. This early ischemic
vulnerability may be particularly relevant in clinical scenarios where graft survival is known to be more variable, such as
extended surgical sessions, revision procedures, and patients with impaired wound healing.' Hyperbaric oxygen therapy
(HBOT), which increases dissolved oxygen tension and mitigates ischemia-related injury in grafted or compromised
tissues, also demonstrates a favorable safety profile across non-emergency dermatologic applications.” > However, its
potential as an ex vivo biological modulator for hair grafts has not previously been investigated.

We conducted a pilot, donor-matched molecular evaluation to determine whether brief HBOT exposure can influence early
apoptotic balance in human hair grafts. Six male FUE patients provided paired samples; each donor had 2000-3500 grafts
harvested during surgery, of which approximately 500750 intact follicular units were allocated for the experimental protocol.

Methods

All tissue samples were obtained as surgical by-products of routine FUE procedures performed with written informed patient
consent. The study protocol was approved by the Clinical Research Ethics Committee of Mersin University (Date: October 2,
2024; Decision No: 939) and conducted in accordance with the Declaration of Helsinki. Grafts in the HBOT arm were placed in
sterile petri dishes containing saline and exposed to hyperbaric oxygen at 1.0 ATA gauge (= 2.0 ATA absolute) using 100%
oxygen, with the custom chamber maintaining a stable 5-6°C, consistent with standard hypothermic-preservation ranges (4-8°C).
Donor-matched control grafts were kept in saline under the same temperature conditions. Preliminary optimization evaluated
different pressure settings and storage media; ~2.0 ATA absolute yielded the most reproducible early anti-apoptotic shifts and was
selected for all final experiments. Total RNA was extracted using a RiboEx-based protocol, converted to cDNA with the A.B.T.™
High-Capacity Kit, and quantified using SYBR Green qPCR for intrinsic (BAX, BCL-2, CASP9, CYC) and extrinsic (FasL,
CASP3) apoptotic markers. Relative expression was calculated using the AACt method with paired donor-matched controls, and
statistical comparisons were performed using the Wilcoxon signed-rank test with significance set at p < 0.05.
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Figure | Early apoptotic signaling kinetics in human hair follicle grafts following hyperbaric oxygen (HBOT) exposure. (A) Relative mRNA expression of intrinsic (BAX,
BCL-2, CASP9, CYC) and extrinsic (CASP3, FasL) apoptotic markers in follicular unit grafts exposed to hyperbaric oxygen at 1.0 ATA gauge (= 2.0 ATA absolute) for 30 and
60 minutes. BAX demonstrates a significant transient increase at 30 minutes (**p < 0.01), whereas BCL-2 shows significant upregulation at 60 minutes (*p < 0.05). Error bars
represent standard error of the mean (SEM) for BCL-2; SEM values for other genes were not available. (B) BAX/BCL-2 ratio at 30 and 60 minutes, illustrating a time-
dependent shift toward a more anti-apoptotic balance. Error bars are not shown because donor-level variance for ratio calculations was unavailable; values represent mean-
of-means across donor-matched graft sets (n = 6).

Results
A time-dependent molecular shift was observed. At 30 minutes, HBOT-exposed grafts demonstrated a transient rise in
BAX, consistent with the acute stress response after extraction. By 60 minutes, however, BCL-2 expression increased
significantly, surpassing BAX levels (shown in Figure 1A). This pattern was more clearly reflected in the BAX/BCL-2
ratio, a recognized indicator of cellular apoptotic threshold: the ratio increased at 30 minutes but declined markedly by
60 minutes, suggesting a shift toward a pro-survival state within the ischemic interval (shown in Figure 1B).

Notably, CASP3, CASP9, CYC, and FasL showed no significant activation, suggesting that HBOT may have modulated the
upstream mitochondrial checkpoint without progression toward irreversible caspase-mediated commitment. This pattern is
consistent with HBOT’s previously described cytoprotective effects in other ischemic tissue models and raises the possibility

that HBOT may influence early mitochondrial stress integration rather than downstream executioner caspases.”

Discussion

Although the sample size was modest and statistical power consequently limited — both understandable constraints in a pilot
study - the paired, donor-matched design minimized inter-individual variability, allowing each graft set to serve as its own control.
We acknowledge that the study relies on RNA-level data without protein validation or functional viability tests. However, the
30-60-minute ex vivo timeframe is insufficient for meaningful changes in protein abundance, as translation and post-translational
processing require hours. In this acute ischemic window, mRNA modulation represents the earliest measurable biological
response, making transcriptional profiling the most appropriate method. Therefore, the absence of protein assays reflects the
biological constraints of the observation period rather than a methodological gap.

These findings should be interpreted as a preliminary molecular signal rather than evidence of clinical benefit, and
whether these transcriptional changes will translate into improved graft outcomes remains to be determined.
Nevertheless, the consistent intra-donor pattern — particularly the reproducible reduction in the BAX/BCL-2 ratio —
supports the biological plausibility of an early modulatory effect. Confirming whether this molecular shift translates into
meaningful outcomes will require larger cohorts, protein-level validation, and longitudinal assessments that track graft
behavior through implantation, wound healing, and eventual hair regrowth.
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Conclusion

If validated through larger mechanistic and functional, and clinical studies, ex vivo HBOT preconditioning may have the
potential to represent a simple, noninvasive, workflow-compatible adjunct that supports enhance early molecular
resilience of hair grafts prior to implantation.
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