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Abstract

The growing use of computed tomography (CT) in medicine requires a better understanding of how
low-dose radiation affects human stem cells. This study investigated the long-term consequences of
CT-level radiation on the secretory profile of human adipose-derived mesenchymal stem cells (AD-
MSCs). AD-MSCs were exposed to radiation regimens simulating a single or multiple head CT scans,
or to a single 2 Gy therapeutic dose, and their secretion of 41 cytokines, chemokines, and growth
factors was monitored during long-term culture. At the early passage, AD-MSCs receiving a single 2
Gy dose showed a coordinated increase in several lymphocyte-regulating cytokines compared to cells
exposed to multiple CT scans. However, these initial differences were not sustained. Long-term
culturing led to a progressive and widespread decrease in the secretion of 26 cytokines, chemokines,
and growth factors across all groups. By the latest passage, all irradiated cells showed a generalized
reduction in secretory function compared to non-irradiated controls. These findings demonstrate that
while different radiation regimens trigger distinct immediate responses, long-term culture results in
a broad decline of the AD-MSCs secretome, which is accentuated by prior radiation exposure. This
underscores the importance of assessing long-term consequences to fully evaluate the functional
impact of diagnostic radiation on stem cells.

Keywords: mesenchymal stem cells; secretome; long-term culture; ionizing radiation; computed
tomography

1. Introduction

Computed tomography (CT) is an essential diagnostic tool in modern medicine [1]. However,
its increasing use has prompted growing interest in understanding how the low doses of ionizing
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radiation delivered by these scans affect living cells [2,3]. In contrast to high-dose radiation, which is
typically associated with cellular mortality, low-dose radiation can trigger more subtle changes,
including DNA damage, oxidative stress, and altered gene expression patterns [4,5]. While the
immediate consequences of high doses are well-known, the long-term biological effects of low-dose
exposures are not fully understood [6,7]. This is particularly relevant and important for stem cells,
the body’s natural repair system that may be sensitive to such subtle environmental changes [8,9].

Mesenchymal stem cells derived from human adipose tissue (AD-MSCs) are a key population
of adult stem cells essential for tissue repair, regeneration, and immunomodulation [10]. Their
function is largely mediated through their paracrine secretion of a vast array of cytokines,
chemokines, and growth factors, collectively known as the secretome [11]. The secretory profile is
highly dynamic and sensitive to environmental stressors [12].

We hypothesized that exposure to diagnostic CT-level radiation could cause delayed changes to
the AD-MSCs’ secretome. Crucially, these changes might not be immediately apparent but could
manifest after the cells have undergone multiple divisions following the exposure. This approach
allows us to model the potential long-term functional consequences for cells that survive a radiation
insult and continue to proliferate.

Therefore, this study aimed to track how the secretome of AD-MSCs changes over a long-term
culturing after exposure to different radiation regimens. We included both a negative control (non-
irradiated AD-MSCs) and a positive control (a standard therapeutic dose of 2 Gy) to benchmark the
effects of single and multiple CT-level diagnostic doses. By analyzing 41 cytokines, chemokines, and
growth factors (secreted factors) at early, middle, and late passages, we sought to identify both the
immediate and the long-term effects of radiation on the secretory profile of these proliferating stem
cells.

2. Results

2.1. Multivariate Analysis Reveals Passage-Dependent Changes in the Secretome

To assess the overall impact of radiation exposure and long-term culturing on the AD-MSCs
secretome, we performed unsupervised multivariate analysis. Principal component analysis (PCA)
of the z-score normalized data did not reveal clear separation of samples by radiation group at any
passage (Figure 1). The first two principal components (PC1 and PC2) accounted for 46.68% and
15.00% of the total variance, respectively, indicating that no single dominant pattern of secretion
distinguished the experimental groups.
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Figure 1. PCA of the AD-MSCs secretome.

Consistent with the PCA results, visualization via t-distributed stochastic neighbor embedding
(t-SNE) also failed to demonstrate distinct clustering according to radiation treatment (Figure 2).
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However, both analytical approaches revealed a notable tendency for samples to group by passage
number rather than by radiation exposure. This pattern was particularly evident in the t-SNE
projection, where samples from later passages (5 and 10) occupied distinct regions of the
dimensionality-reduced space compared to passage 0 samples.
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Figure 2. t-SNE of the AD-MSCs secretome.

2.2. Cluster Analysis Reveals Shows Minimal Radiation-Induced Secretome Alterations

Initial univariate analysis comparing individual secreted factor levels between experimental
groups at passages 0, 5, and 10 did not yield statistically significant differences. Similarly, a
permutational multivariate analysis of variance (PERMANOVA) failed to detect significant
multivariate separation between radiation groups when analyzing the full secretome panel at each
passage individually.

Given the potential for coordinated changes in secreted factors, we employed an unsupervised
hierarchical clustering approach to identify latent patterns within the AD-MSCs secretome. Heatmap
visualization revealed groups of secreted factors that changed their levels in a coordinated way across
different passages and experimental conditions (Figure 3). To identify these groups systematically,
we performed cluster validation to find the optimal number of clusters.

The clustering validation procedure reached statistical significance for the combined dataset (all
passages) att=2 (p=0.04), t=4 (p =0.04), and t=7 (p = 0.006). At passage 0, significance was achieved
only at t =7 (p = 0.016), while no significant clustering was observed at passages 5 and 10. Based on
these results and validation with silhouette score and permutation testing (p = 0.001), we have divided
the secreted factors into seven clusters. The biological characteristics of the seven identified clusters
are presented in Table 1.

Table 1. Biological characterization of secreted factor clusters identified by hierarchical clustering.

Cluster Secreted Factors Biological Characteristics
1 TGEFa, IL-15, IL-17A T-cell and inflammation regulation
2 IL-10, IL-13, IL-1a, IL-9, MIP-1a, MIP-1Db, Anti-inflammatory and pro-inflammatory
TNFa, TNFb signals
3 IFNg Antiviral immunity
4 GM-CSF, PDGF-AA, VEGF Cell growth and angiogenesis
5 1L-2, IL-3, IL-4, IL-5, IL-7 Lymphocyte growth and differentiation
6 EGF, FGF-2, Eotaxin, FIT-3L, Fraktalkine, Heterogeneous group (growth,
IFNa-2, GRO, MCP-3, IL-12p40, MDC, IL- chemotaxis, etc.)
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Figure 3. Hierarchically clustered heatmap of the AD-MSCs secretome profile.

Multivariate analysis using PERMANOVA of the seven cluster activities revealed a statistically
significant difference between radiation groups at passage 0 (p <0.05). Subsequent univariate analysis
identified that Cluster 5 (IL-2, IL-3, IL-4, IL-5, IL-7) showed significantly higher activity in the 2 Gy
group compared to the 5 CT scans group (padj = 0.01) (Figure 4). However, this difference was not
sustained at later passages (5 and 10), where no significant intergroup differences were observed in
cluster activities (Figure S1 and Figure S2).

Taken together, these findings suggest that radiation-induced alterations in the AD-MSCs
secretome are minimal and not consistently supported by robust statistical evidence.
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Figure 4. Radiation-induced alterations in cluster activity at passage 0.

2.3. Effect Size Analysis Uncovers Passage-Dependent Radiation Effects

Due to possible limitations of the power of standard statistical tests, we performed an effect size
analysis. It revealed a pronounced passage-dependent escalation in the radiation effect. At passage
0, significant differences were sparse and specific: only 8 secreted factors (IL-3, FGF-2, IL-5, IL-7, EGF,
IL-15, IL-4, FIT-3L) exhibited a large effect size (Ig! > 0.8), all showing elevated levels in the 2 Gy
group compared to the 5 CT scans group (Figure 5).

In contrast, the secretome landscape was explicitly altered by passage 10. Each secreted factor
demonstrated a large effect size when comparing at least one pair of groups. A key finding at passage 10
was that if any irradiated group (2 Gy, 1 CT scan, or 5 CT scans) was compared to the non-irradiated
Control group, then the differences were driven by higher levels of secreted factors in the Control group.
This indicates a significant reduction in secretory function in all irradiated AD-MSCs after long-term
culturing. Interestingly, the most pronounced contrast was observed between the Control group and the
1 CT scan group that received the lowest radiation dose. A more detailed comparison revealed a nuanced
hierarchy in secretory suppression. Although the 2 Gy group was less distinct from the Control group, it
demonstrated a significantly lower secretion of IL-12p70, VEGF, MCP-1, GM-CSF, IL-6, and IFNa-2
compared to the 1 CT scan group. Furthermore, the differences between the two diagnostic-dose groups
(1 CT scan and 5 CT scans) were minimal. Only three factors (IL-1ra, MDC, and sCD40L) were present at
higher levels in the 5 CT scans group (Figure 5).

At passage 5, the secretome changes were ambiguous, showing no clear or consistent pattern
across the treatment groups, which suggests this time point may represent a transitional state
between the early response and the late established effects (Figure 5).

Next, we selected the subsets of secreted factors that demonstrate the largest effect size in a
particular passage to screen whether such subsets can provide differences between all four
experimental groups. At passage 0, PERMANOVA found statistically significant differences between
the groups for every subset we tested, from the single most influential factor (N =1) up to the all eight
secreted factors that demonstrated a large effect size (N = 8) (Table 2). Thus, the key factors driving
this early separation between groups were IL-3, FGF-2, IL-5, IL-7, EGF, IL-15, IL-4, and FIT-3L.

This signature strongly aligns with the results of the cluster analysis. Half of these eight factors
(IL-3, IL-5, IL-7, IL-4) form the Cluster 5 (Table 1), which we previously identified as being
significantly elevated in the 2 Gy group. The addition of the growth factors FGF-2, EGF, IL-15, and
FIT-3L to this signature provides a more complete landscape. This convergence of evidence from two
independent analytical methods validates that this specific molecular signature, involved in
lymphocyte regulation and growth promotion, is a key driver of the early cellular response to
different radiation regimens.
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Figure 5. Effect size analysis of radiation-induced changes in the AD-MSCs secretome.

In contrast, no significant differences were found at passage 5 for any subset size, suggesting a
lack of clear, coordinated changes in the secretome at this middle passage (Table 2).

The pattern at passage 10 was more complex. Significant differences between groups were only
detected when using either small subsets (the top 1 or 2 secreted factors) or much larger ones (the top
7 to 10 secreted factors) (Table 2). This indicates that by the late passage, the differences could be
captured either by a couple of extremely powerful factors or by a broader signature representing a
wider functional decline. The most important factors at this stage were FIT-3L, GM-CSF, sCD40L,
VEGF, PDGF-AB/BB, IL-12p70, IL-12p40, GRO, IL-4, and IL-1ra.

Notably, the majority of these secreted factors belong to the large and heterogeneous Cluster 6
(Table 1). The fact that a signature of factors from this diverse cluster is required to detect the
differences tells us that the radiation effect is no longer specific. Instead, it reflects a broad, general
breakdown of the secretory function in the irradiated cells after long-term culture.

Table 2. PERMANOVA p-values for group differences using top-N effect size-ranked factors (significant results

are indicated by an asterisk).

N Passage 0 Passage 5 Passage 10
1 0.019* 0.131 0.036*
2 0.026* 0.177 0.028*
3 0.031* 0.169 0.058
4 0.032* 0.197 0.057
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5 0.034* 0.171 0.075
6 0.034* 0.32 0.05
7 0.035* 0.322 0.044*
8 0.047* 0.261 0.027*
9 - 0.359 0.034*
10 - 0.343 0.029*

2.4. Temporal Trend Analysis Uncovers Passage-Dependent Secreted Factor Dynamics

Page’s trend test revealed significant decreasing trends in 26 secreted factors across passages,
with no factors showing significant increases. The strength of association varied considerably among
factors.

Twelve factors demonstrated the strongest passage-dependence (p = 0.0008), including FGF-2,
Eotaxin, Fraktalkine, IFNa-2, MCP-3, MDC, IL-1ra, IL-1b, IL-4, IL-7, IP-10, and RANTES (Figure 6).
Five factors showed moderate association (p = 0.0069): FIT-3L, GRO, IL-12p70, PDGF-AB/BB, and IL-
6 (Figure S3). Nine factors exhibited weaker but still significant trends (p = 0.0255): EGF, G-CSF, GM-
CSF, sCD40L, IL-9, IL-3, IL-8, MIP-1a, and VEGF (Figure S4). Fifteen factors showed no significant
passage-dependent changes (Figure S5).
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Figure 6. Highly significant trends in secreted factor concentrations across passages (p < 0.001).
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Notably, several clusters previously identified showed significant temporal dynamics. Activity
of Cluster 6, containing 19 factors including multiple chemokines and growth factors, demonstrated
strong passage-dependence (p = 0.0069). Cluster 7 also showed significant decreases (p = 0.0069),
while Cluster 4 exhibited weaker but significant trends (p = 0.0255) (Figure S6).

These findings demonstrate progressive, unidirectional decreases in secreted factor
concentrations during in vitro passaging, with particularly strong effects on inflammatory mediators
and growth factors.

3. Discussion

In this study, we investigated the long-term effects of diagnostic CT-level radiation on the
secretory profile of AD-MSCs. A key aspect of our experimental design was the long-term culturing
of AD-MSCs after irradiation, pushing them toward replicative senescence and closely
approximating their Hayflick limit. This approach allowed us to model not only the immediate, but
the delayed consequences of radiation exposure on AD-MSCs function. It is important to note that
maintaining irradiated cells, particularly those receiving higher doses, through multiple passages
presented a significant technical challenge due to their reduced proliferative capacity. This resulted
in a limited sample size (n = 4) at the middle and late passages (5 and 10, respectively), a constraint
that must be considered when interpreting our findings. Furthermore, the AD-MSCs secretome is
known to exhibit considerable variability [12]. Despite these limitations, our data provide compelling
evidence that exposure to clinically relevant low-dose radiation regimens can induce significant,
passage-dependent alterations in the secretome of AD-MSCs.

Although AD-MSCs are known to maintain functional stability after exposure to ionizing
radiation even during long-term culturing [13], numerous studies have reported alterations in the
cellular secretome in response to radiation. For instance, radiation-induced increases in the
concentration of IL-2, IL-3, IL-4, and IL-5 are well-documented [14,15]. In our study, these
interleukins collectively provided a significant distinction between the secretome profiles of AD-
MSCs exposed to a single high dose (2 Gy) and those subjected to multiple low doses (5 CT scans) at
passage 0. This suggests a crucial role for these cytokines in the immediate cellular response to
radiation. Furthermore, this finding underscores that changes in the secretory profile may not be
proportional to the total ionizing radiation dose but are dependent on the irradiation regimen.

When investigating the AD-MSCs’ secretome at later passages, we continued to observe non-
linear, radiation-dependent changes. Indeed, variations in dose and regimen can yield unpredictable
outcomes. For example, Stelcer et al. demonstrated that a 2 Gy dose suppressed cytokine secretion in
chondrocyte-like cells differentiated from human induced pluripotent stem cells more strongly than
either 1 Gy or 3 Gy doses [16]. In another study, a 50 mGy dose upregulated IL-6 secretion and
downregulated VEGF-A secretion in human gingiva-derived MSCs more potently than higher doses
[17]. Similarly, Schroder et al. reported that irradiating three-dimensional murine endothelial cell
culture with 0.01 Gy significantly increased RANTES concentration, whereas higher doses, up to 2
Gy, did not [18].

A central focus of our study was the long-term culturing of AD-MSCs to model replicative
senescence. We identified both passage-dependent radiation effects and a dose- and regimen-
independent decline in the concentration of 26 secreted factors. Interestingly, we did not detect a
significant increase in the secretion of any factor over successive passages. While IL-1b, IL-6, and IL-
8 are described as components of the senescence-associated secretory phenotype, typically
upregulated in senescent cells [19], our study revealed a significant decrease in these factors across
all groups, including non-irradiated AD-MSCs. We therefore suggest that replicative senescence in
AD-MSCs may mitigate the adverse effects of radiation exposure. Supporting this, we observed a
significant passage-dependent reduction in the concentration of the pro-inflammatory chemokines
MIP-1a and RANTES, which are known to be induced by radiation [20].

In summary, our data demonstrate that radiation exposure triggers passage-dependent changes
in the AD-MSCs secretome. The early response was characterized by a specific signature of cytokines
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related to lymphocyte regulation. In contrast, the long-term effect was a generalized decline in
secretory function, which was amplified by prior radiation exposure. This indicates that the long-
term functional consequences for AD-MSCs are not evident immediately after exposure but manifest
after multiple cell divisions. Our findings underscore the importance of considering long-term
culture models to fully assess the biological impact of diagnostic radiation on stem cell function.

4. Materials and Methods

4.1. AD-MSCs Culture

A primary AD-MSCs culture of passages 5-6, obtained from the collection of Cell Systems LLC
(Database: MC16.05.16, Accession numbers: 250716; 270716; 290716; 110816 and 130816, Moscow,
Russia), was used. The AD-MSCs were cultured in DMEM medium with 1 g/L of glucose (Thermo
Fisher Scientific, Waltham, MA, USA), containing 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA) under standard CO: incubator conditions (37 °C, 5% COz), changing the
medium every three days.

For experimental standardization, passage numbering was reset such that the initial time point
was designated as passage 0, with subsequent analyses conducted at passages 5 and 10,
corresponding to actual passages 10-11 and 15-16, respectively.

4.2. Irradiation of AD-MSCs

The AD-MSCs were irradiated in the exponential growth phase, when the AD-MSCs population
density was 60-70 %.

A TOSHIBA AQUILION 64 CT scanner (Toshiba, Tokyo, Japan) was used to irradiate AD-MSCs
under parameters simulating human head scans (120 kV, 350 mA, 5 mm collimator, pitch 1). Both
single and quintuple (with 5 min intervals) irradiations were conducted. Dosimetry was carried out
by the thermoluminescent method using aluminum-phosphate dosimeters (by IKS-A DOSIMETRY
COMPLEX (IBF, USSR, zav. No. 425)) and dosimeters based on magnesium borate (by Doza-TLD
dosimetry complex (NPP Doza, Moscow, Russia)). CTDI was 86 mGy and DLP was 36.7 mGy x cm;
the effective head dose was 5.1 mSv (16 cm phantom). For non-standard objects, characteristics like
size, mass, and density were considered. AD-MSCs irradiated in 35 mm petri dishes (with 2 mL
culture medium volume) received absorbed doses consistent with CTDI values, confirmed by
dosimetry: 88 + 15 mGy per dish per CT session, accounting for spatial heterogeneity and detector
error.

An X-ray biological facility (RUST-M1, Diagnostika-M LLC, Moscow, Russia) with two emitters
was used for comparative studies and positive control. Irradiation conditions: absorbed dose 2 Gy at
0.85 Gy/min, 200 kV anode voltage, 5 mA current per tube, and a 1.5 mm Al filter. Dosimetry control
of the absorbed dose was carried out by the DRK-1M clinical X-ray dosimeter (NPP Doza, Moscow,
Russia). The total uncertainty of the dispensed absorbed dose did not exceed 15%.

Thus, the following experimental groups were formed: Control — non-irradiated AD-MSCs; 1
CT scan — AD-MSCs subjected to a single CT scan; 5 CT scans — AD-MSCs irradiated five times with
5-minute intervals; and 2 Gy — AD-MSCs irradiated using the X-ray facility as a positive control.

4.3. Multiplex Analysis

Secreted factors in samples were analyzed with the HCYTMAG-60K-PX41 MILLIPLEX™
magnetic microsphere panel for the detection of human cytokines/chemokines (Merck Millipore,
USA) according to the manufacturer’s instructions. The samples were analyzed on a MagPix
apparatus (Luminex, USA) with xPONENT software (Luminex, USA). All samples contained
secreted factors synthesized by 1.0 x 106 cells per 1 ml.
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4.4. Data Analysis

All data analyses were performed using Python (v. 3.10) with standard scientific computing
libraries.

4.4.1. Data Scaling and Multivariate Exploration

For multivariate exploratory analysis, the concentration data of all secreted factors were z-score
normalized. This scaled dataset was used as the input for dimensionality reduction and clustering
algorithms. Specifically, we applied PCA and t-SNE for visualization in low-dimensional space.

4.4.2. Cluster Identification and Validation

To identify patterns in secretory profiles of AD-MSCs, hierarchical clustering of the secreted
factors was performed on the scaled data using the Euclidean distance metric and average linkage
method. The optimal number of clusters (t) was determined by evaluating values from 2 to 10. The
quality of each candidate clustering solution was assessed using two complementary approaches.

First, biological coherence was quantified by calculating the mean of the p-values (pmen) obtained
from Kruskal-Wallis tests conducted on the non-scaled concentration data of the secreted factors
within each cluster, comparing the experimental groups.

Second, the geometric compactness and separation of the clusters were evaluated using the
silhouette score. The statistical significance of the silhouette score for the chosen cluster solution was
validated with a permutation test (1000 iterations). In this test, a null distribution was generated by
calculating the silhouette score on matrices where the relationships between secreted factors were
randomly permuted. The p-value was calculated as the proportion of permutations yielding a
silhouette score greater than or equal to the observed value.

A p-value of less than 0.05 was considered statistically significant for all tests.

Cluster activity for each sample was then defined as the median of the concentrations of all
secreted factors within that cluster.

4.4.3. Statistical Testing

Differences in the levels of individual secreted factors or cluster activities between experimental
groups at each passage (0, 5, 10) were assessed using the Kruskal-Wallis test. Statistical significance
was defined as p-value of less than 0.05. Significant results were further analyzed with Dunn’s post-
hoc test, applying the Benjamini-Hochberg procedure. An adjusted p-value (paij) of less than 0.05
considered statistically significant.

To assess overall differences in secretome profiles between experimental groups, PERMANOVA
was performed. The analysis was conducted on a Euclidean distance matrix calculated from the z-
score normalized dataset. The statistical significance of the grouping factor was tested with 1000
permutations under the reduced model. The pseudo-F statistic and associated p-value were
calculated by comparing the observed variance explained by the grouping factor to a null distribution
generated by random permutation of group labels across samples. A p-value of less than 0.05 was
considered statistically significant for the PERMANOVA. This analysis was performed separately for
each passage to evaluate group differences at specific time points, as well as on the combined dataset
to assess the overall effect of radiation across the entire experiment.

4.4.4. Effect Size Analysis

The size of observed effects for individual secreted factors was quantified using Hedges’ g (a
corrected version of Cohen’s d for small sample sizes). To ensure robust interpretation, only effect
sizes with an absolute value exceeding 0.8 were considered significant.

We used the effect size results to discover which secreted factors were the strongest drivers of
the differences between experimental groups. For a specific passage, we ranked all secreted factors
by the absolute value of their Hedges’ g effect size. We then selected the top N factors from this ranked
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list (testing N from 1 to 10) and used PERMANOVA to screen if that subset could provide a significant
difference between the groups.

4.4.5. Temporal Trends Analysis

Temporal trends in the concentrations of secreted factors across passages (0, 5, 10) were analyzed
using Page’s trend test. The analysis included four donors with complete measurements at all
passages. For each secreted factor, we tested for consistent monotonic trends, reporting both the
direction and statistical significance (o« = 0.05). Significant trends were visualized with linear
regression lines based on median values.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1. Radiation-induced alterations in cluster activity at passage 5; Figure
S52. Radiation-induced alterations in cluster activity at passage 10; Figure S3. Significant trends in secreted factor
concentrations across passages (0.001 < p < 0.01); Figure S4. Significant trends in secreted factor concentrations
across passages (0.01 < p < 0.05); Figure S5. Secreted factors without significant passage-dependent trends (p >

0.05); Figure S6. Passage-dependent changes in cluster activity.
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