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trout muscle in vitro.

Valentine Goffette, Nathalie Sabin, Jerome Bugeon, Sabrina Jagot, Isabelle Hue, Jean-Charles
Gabillard*

INRAE, LPGP, 35000, Rennes, France.

*Corresponding author: INRAE, Laboratoire de Physiologie et Génomique des Poissons, Campus
de Beaulieu, 35042 Rennes cedex, France. jean-charles.gabillard@inrae.fr +33223485002

Keyword: satellite cells; adipose tissue; pax7; pdgfra; myogenin; co-culture

This research was funded, in whole or in part, by ANR, Grant #ANR-20-CE20-0013-01. A CC-BY
public copyright license has been applied by the authors to the present document and will be
applied to all subsequent versions up to the Author Accepted Manuscript arising from this
submission, in accordance with the grant’s open access conditions.


mailto:jean-charles.gabillard@inrae.fr
https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abstract

Interactions between tissues and cell types, mediated by cytokines or direct cell-cell exchanges,
regulate growth. To determine whether mature adipocytes influence the in vitro development of
trout mononucleated muscle cells, we developed an indirect coculture system, and showed that
adipocytes (5x10° cells/well) derived from perivisceral adipose tissue increased the proliferation
(BrdU*) of the mononucleated muscle cells (26% versus 39%; P<0.001) while inhibiting myogenic
differentiation (myosin*) (25% versus 15%; P<0.001). Similar effects were obtained with
subcutaneous adipose tissue-derived adipocytes, although requiring more adipocytes (3x10’
cells/well versus 5x10° cells/well). Conditioned media recapitulated these effects, stimulating
proliferation (31% versus 39%; p<0.001) and inhibiting myogenic differentiation (32% versus 23%;
p<0.001). Adipocytes began to reduce differentiation after 24 hours, whereas proliferation
stimulation was observed after 48 hours. While adipocytes did not change pax7* and myoD1/2*
percentages, they reduced myogenin®* cells showing inhibition from early differentiation stage.
Finally, adipocytes increased BrdU* cells in the Pdgfra* population but not in the myoD* one.
Collectively, our results demonstrate that trout adipocytes promote fibro-adipocyte precursor
proliferation while inhibiting myogenic cells differentiation in vitro, suggesting the key role of

adipose tissue in regulating fish muscle growth.
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Introduction

The interaction between adipose and muscle tissues has been highlighted in numerous studies in
mammals and competition between the growth of both tissues has been reported®™®. In the post-
embryonic stage, an increase in adipose tissue mass has a negative effect on muscle mass’. In
fish, evidences for these interactions remain limited. In zebrafish, a defect in muscle development
has been shown to increase intramuscular adipocyte infiltration®. Genetic selection of rainbow
trout (Oncorhynchus mykiss) for muscle lipid content, also indicates that higher adiposity is
associated with a higher proportion of large muscle fibers and a lower proportion of small

fibers10,

Adipose tissue is mainly composed of mature adipose cells called adipocytes, filled with lipids
contained in a unique droplet. In rainbow trout, two main adipose tissue deposits have been
identified (perivisceral or subcutaneous)!!, with specific proteomes and gene expression
profiles'¥12 | In fish, the extraction and culture of mature adipocytes (MAs) has been reported in
sea bream?3, tilapial* and trout?®, but remains difficult to achieve due to the buoyancy of MAs
and their limited survival in culture!®!’. In numerous in vitro studies, authors prefer to use
adipocytes derived from differentiated fibro-adipogenic precursors (FAP), although there are

some differences with primary MAs, such as a smaller droplet size with atypical appearance!® 22,

Large and fast-growing fish such as trout exhibit continuous growth resulting from fiber
hypertrophy and the formation of new muscle fibers known as hyperplasia?3, at least during the
exponential growth phase (up to 1 year). Fiber hypertrophy and hyperplasia require the presence
of muscle stem cells, which are called satellite cells due to their localization between the basal

lamina and the fiber??. Satellite cells are quiescent in normal adult muscle and express pax7 gene,
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notably involved in their renewal. Satellite cell activation is rapidly followed by the onset of myoD
expression, while myogenin marks the start of differentiation and myosin the end?. In fish,
protocols have been developed to isolate mononucleated muscle cells (MMCs) from muscle
tissue and selectively retain those that adhere to the culture dish for further analysis of their
proliferation and myogenic differentiation in vitro. Characterization of the extracted MMCs in
trout indicates that approximately 60% of the cells are MyoD* and thus are myogenic cells, while
the identity of the remaining cells is still unknown?®. The MMCs have been characterized in
mammals, and it's noteworthy that, in addition to myogenic precursors, a significant proportion

of FAPs expressing pdgfra are also found as muscle resident cells?’28.

Coculturing of cells from muscle and adipose tissue is now common in mammals for investigating
cellular communication. A preliminary study conducted in sheep?® demonstrated that coculturing
satellite cells with preadipocytes inhibits differentiation of myogenic cells, induces myotube
atrophy and insulin resistance3°32, Furthermore, when immortalized adipogenic cell lines are
cocultured in the presence of muscle cells, preadipocyte differentiation decreases, which is
associated with a reduction in lipid accumulation®3. Over the past decade, it has become clear
that adipose and muscle cells communicate through multiple secreted factors, known as
adipokines and myokines®*3®, respectively. In mammals, adiponectin, a key adipokine, play a
critical role in lipid metabolism3’ and stimulates glucose uptake and fatty acid oxidation in
muscle3®. Other adipokines, such as leptin, are involved in the development of insulin resistance®
in muscle. Among the myokines, myostatin inhibits preadipocyte myogenic differentiation in
vitro, and limits the formation of lipid deposits*®®. Additionally, muscle-derived interleukin-6 is

known to increase uptake and oxidation of fats*! as well as adipocyte lipolysis*?43
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82 Infish, our understanding of the mechanisms underlying the interactions between adipose and
83  muscle tissues is very limited. Numerous myokines and adipokines have been identified in fish,
84  including in rainbow trout®#’, but there is limited evidence for their role in the cross-talk
85  between these two tissues*t. For example, in trout, receptors for adiponectin are found in muscle
86  with differential regulation of their expression depending on situations such as fasting, suggesting

87  apossible cross-talk between adipose tissue and muscle®.

88  Although primary cultures of MAs and MMCs from fish have been the subject of monoculture
89  studies regarding their development, co-culture techniques have never been used to study cross-
90 talk between these cell types. The aim of this study was to determine whether mature adipocytes
91 (MAs) influence the in vitro development of rainbow trout mononucleated muscle cells (MMCs).
92  Primary mature adipocytes will provide a unique in vitro opportunity to better mimic in vivo
93  effects on muscle growth. We cocultured these cells in a transwell system to avoid physical cell-
94  cellinteractions, but to allow cell-cell communication via soluble molecules, which is particularly
95 relevant given that perivisceral and subcutaneous adipose tissues have no direct contact with
96  skeletal muscle. Comparison of mononucleated muscle cell proliferation and myogenic
97 differentiation in the absence or in presence of adipocytes evidenced a specific cross-talk from
98 adipocytes to fibro-adipogenic progenitors and myogenic cells derived from rainbow trout

99 muscle.

100

101  Materials and Methods

102  Animals.
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103  Rainbow trout (Oncorhynchus mykiss) were reared in a recirculating rearing system at the Fish
104  Physiology and Genomics Laboratory under natural simulated photoperiod and at 12 £ 1 °C. Fish
105  were fed daily ad libitum with a commercial diet. Fish were anesthetized with tricaine at 50 mg/L
106  and euthanized with tricaine at 200 mg/l. All the experiments presented in this article were
107 developed in accordance with the current legislation on the ethical treatment and care of

108 laboratory animals (décret no. 2001-464; European directive 2010/63/EU).

109 Isolation and culture of mononucleated cells derived from trout muscle.

110  For all studies, mononucleated cells were isolated from the dorsal part of the white muscle of
111  juvenile trout (5 to 30 g body weight) as previously described?®. Briefly, 20 to 80 g of white muscle
112 were mechanically dissociated and enzymatically digested prior to filtration (100 um and 40 um).
113 The cells were seeded onto poly-L-lysine and laminin precoated glass coverslips placed in a 24-
114  well plate at a density of 80,000 cells/cm? and incubated at 18 °C. Cells were cultured for 2 days
115  in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FCS) and 1%
116  antibiotic-antimycotic solution. Cells were washed daily with DMEM 1% of antibiotics. The
117  medium was then changed to a 1:1 DMEM and Leibovitz’s L-15 medium containing 10% FCS for
118  last 3 days of monoculture or coculture. Finally, cells were washed twice with PBS and fixed with
119  ethanol/glycine buffer (100% ethanol, 50 mM glycine, pH 2) or fixed in 4% paraformaldehyde for

120 insitu hybridization and then preserved in 100% ethanol.

121  Isolation and culture of mature adipocytes derived from trout adipose tissue.

122 For all studies, mature adipocytes were isolated from two deposits of adipose tissue: perivisceral

123 (PVA) or dorsal subcutaneous (SA) of trout (150 to 500 g body weight), as previously described®®.
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124  Briefly, 5 to 40 g of adipose tissue were collected, cut into thin pieces, and incubated for 90 min
125 in Krebs — Hepes buffer containing collagenase type Il (125 U/ml; Sigma C6885) and 1 % BSA in a
126  shaking platform at 17 °C. The cell suspension was then filtered at 300 um for perivisceral tissue
127  and 200 pum for subcutaneous tissue. After two washes by flotation in Krebs-Hepes 1 % BSA and
128 two washes by flotation in Krebs-Hepes 2% BSA, cells were counted and cultured in DMEM/L15
129  (1:1) 10% FCS and 1% antibiotic-antimycotic solution, directly in a transwell (Corning 3413) at a

130  number of 5x10°%, unless another concentration is specified, until monoculture or coculture.

131  Adipocyte size distribution.

132 At the end of cell extraction, a portion of the cells was placed between a microscope slide and a
133 coverslip for microscopic imaging (Nikon digital camera coupled to an Olympus IX70 microscope).
134  Tenimages were captured per preparation. A Fiji macro was then used to automatically measure
135 the diameter of each adipocyte. To avoid considering free lipid droplets, data points below 10 um

136  were excluded from the analyses.

137  Coculture of mononucleated muscle cells and mature adipocytes.

138  After extraction, mononucleated muscle cells were cultured, at the density of 80,000 cells/cm2
139  in DMEM containing 10% FCS until day 2. After extraction, 5x10° adipocytes were cultured directly
140  in a transwell (0.33cm?) with a 0.4 um porous membrane in DMEM/L15 (1:1) with 10% FCS for 1
141  day. On day 2 of the muscle cell culture, transwells containing the mature adipocytes (24h) were
142  placed on top of wells containing MMC for 72h of coculture (day 2 to day 5) in DMEM/L15 (1:1)

143  with 10% FCS. Finally, the MMCs were washed twice with PBS and fixed with ethanol/glycine
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144  buffer (100% ethanol, 50 mM glycine, pH 2) or fixed in 4% paraformaldehyde and then preserved

145 in 100% ethanol.

146  Preparation of conditioned medium (CM).

147  As illustrated in Figure 3a, medium was collected at day 5 (72h of coculture) to obtain coculture
148  conditioned medium (CM CC). Mature adipocytes and MMC were cultured separately in
149 DMEM/L15 (1:1) 10% FCS until day 5 to obtain monoculture conditioned medium (CM MMC, CM

150 MA). All conditioned media were frozen at -80 °C after collection.

151  Analysis of proliferation and myogenic differentiation of mononucleated muscle cells.

152  Cells were cultured in presence of 10 uM BrdU during 24H before fixation at day 5. The cells were
153  fixed with ethanol/glycine buffer (100% ethanol, 50 mM glycine, pH 2). After three washes PBS,
154 MMC were saturated for 1 h with 3% BSA, 0.1% Tween-20 in PBS (PBST). Cells were incubated for
155 30 min at 37 °C with mouse anti-BrdU (11296736, Roche. 1/10) then washed before incubation
156  at room temperature for 3 h with the primary antibody anti-myosin heavy chain (MF20. 1/50;
157  Hybridoma Bank). Finally, cells were incubated with two secondary antibody anti-mouse for 1
158  hour (anti-mouse IgG1 Alexa 488 A21121, anti-mouse 1gG2b Alexa 594 A21145, Fisher 1/1000).
159  Nuclei were stained with a solution of 0.1 ug/mL DAPI (D8417, Sigma) in PBS applied to the cells
160 for 5 min. Cells were then mounted in Mowiol and photographed using a Nikon digital camera
161  coupled to a Nikon Eclipse 90i microscope. Five images were taken per well and the number of
162  BrdU positive nuclei, the number of nuclei in the myosin positive cells and the total number of

163  nuclei was automatically calculated using FlJI software®.

164  RNAscope in situ hybridization and BrdU detection
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165 Detection by in situ hybridization of pax7, myoD1/2, myogenin and pdgfra transcripts in fixed
166 MMC was performed as previously described°. Briefly, MMCs were fixed with 4 % PFA overnight
167 at 4°C and stored in 100 % (v/v) ethanol at -20 °C until use. Hybridization was performed using
168 the RNAscope Multiplex Fluorescent Assay v2 (Bio-Techne #323100) according to the
169  manufacturer’s protocol. After rehydration, cells were placed in hydrogen peroxide solution (Bio-
170  Techne #322335) for 10 minutes, followed by Protease Il solution (1:15) (#322337; Bio-Techne)
171  at40°Cfor 10 minutes. Due to the presence of two myoD genes in the trout genome, we designed
172  a set of probes targeting MyoD1 and MyoD2 mRNA. This probe set, as other probes, was
173  hybridized at 40°C for 2 hours. The pax7, myoD1/2 (condition 72h), myogenin or pdgfro.
174  transcripts were detected using the fluorescent dyes Opal 520 (#OP-001001, Akoya Biosciences)
175 and myoD1/2 (condition 24h) was detected using the fluorescent dyes Opal 620 (#OP-001004,
176  Akoya Biosciences). For the cells under the 72h condition, after two washes with PBS,
177  proliferation staining was followed by in situ labeling. Cells were saturated with 3% BSA in 0.1%
178 Tween-20 in PBS (PBST) for 1 hour. Cells were incubated with rabbit anti-BrdU (#PA5-32256
179 ,1/750) for 4 hours at room temperature, washed, and then incubated with anti-rabbit the
180 secondary antibody (anti-rabbit IgG Alexa 594 A21122, Fisher 1/1000) for 1 hour at room
181  temperature. Cell nuclei of all conditions were stained with a solution of 0.1 ug/mL DAPI (D8417,
182  Sigma) in PBS applied to the cells for 5 minutes. The cells were then mounted in Mowiol and
183  photographed using a Nikon digital camera coupled to a Nikon Eclipse 90i microscope. Five images

184  were taken per well and 4 to 6 wells were used per condition.

185 Automated quantification of cells labeled by in situ hybridization.
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186 To automatically quantify the number of cells expressing these gene, we adapted a macro-
187 command in the Fiji software to quantify puncta corresponding to the RNAscope labeling, per
188  cell®. A cell was considered positive if at least 5 puncta were detected in a cell. Our quantification

189 method is available at https://gitlab.univ-nantes.fr/Slagot/fijimacro rnascopecells.

190  Statistical analyses

191  For analyses comparing proliferation or differentiation across multiple conditions and
192  experimental repetitions (Fig. 1,2,3,4), statistical analyses were conducted using the following
193  approach: when sample size (n) exceeded 10 and the assumptions of parametric tests (such as
194  normal distribution and homogeneity of variances) were met (confirmed by Shapiro-Wilk and
195 Levene tests, respectively), a two-factor ANOVA followed by Tukey post hoc tests was applied.
196  Otherwise, the non-parametric Scheirer-Ray-Hare test followed by Dunn's post hoc test with
197  Bonferroni correction was utilized. The p-values reported in the text correspond to comparisons
198 between different experimental conditions. The comparison of mean adipocyte diameters (n>10
199 and meeting the test conditions validated by Shapiro-Wilk and Levene tests) was conducted using
200 a t-test. Statistical analysis was performed using the chi-square test to compare the proportions
201  of adipocytes with a diameter greater than 25um between the two extraction in figure 2. The
202  comparison of our two groups with sample sizes below 10 was conducted using the non-
203  parametric Wilcoxon test. Specifically, the test was applied to compare the expression of genes
204  between MMC and MMC + MA (Fig. 5,6). All statistical tests were two-tailed, and the significance

205 level (alpha) was set at 0.05. All the statistical analyses were performed with R (version 4.1.3)

206
207 Results
10
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208 Mature adipocytes influence the growth of mononucleated muscle cells in vitro in a dose-

209 dependent manner.

210 To determine whether mature adipocytes (MAs) could influence the in vitro growth of
211  mononucleated muscle cells (MMCs), we measured the proliferation (BrdU*) and the myogenic
212  differentiation (myosin*) of MMCs by immunofluorescence in the presence or absence of MA
213  extracted from perivisceral adipose tissue (Fig. 1a). After 72 hours of coculture or MMC
214  monoculture, results showed the presence of numerous BrdU* nuclei as well as mononucleated
215 and multinucleated (myotubes) cells expressing myosin (Fig. 1b, c). Measurement of the
216  percentage of BrdU* nuclei showed a significant (P<0.001) increase in the proliferation of MMCs
217  inthe presence of MAs (5x10°), with approximately 39% of cells having proliferated in the last 24
218 hours, compared to approximately 26% in the absence of MAs (Fig. 1d). In contrast, the
219  percentage of nuclei expressing a late myogenic differentiation marker, myosin, decreased in the

220  presence of MAs (5x10°) compared to MMC monoculture (25% versus 15%; P<0.001)(Fig. 1e).

221  After observing the effect at a given number of MAs, we investigated the possibility of a dose-
222  dependent effect. Using different amounts of MAs (5x10° up to 8x10°), we observed a clear
223 positive dose-dependent effect on the proliferation of MMCs (Fig. 1f), together with a negative
224  dose-dependent effect on the myogenic differentiation (Fig. 1g). These results indicated that even
225 as few as 1x10° MAs were sufficient to affect both the proliferation and the myogenic

226 differentiation of MMCs.

227

11
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228 Adipose tissue origin influences the size of mature adipocytes and their effect on

229 mononucleated muscle cells.

230 To characterize the MAs that have been extracted from perivisceral and subcutaneous adipose
231  tissue of rainbow trout, analysis of bright field images (Fig. 2a) showed a lower mean diameter in
232 the subcutaneous (SA) compared to the perivisceral (PVA) extraction (21.5 um versus 24.3 um,
233 P<0.001) (Fig. 2b). Overall, we observed a lower proportion of MAs >25 um in SA compared to
234 PVA (25% versus 35%, P<0.001) (Fig. 2c).

235  We wondered if MAs extracted from subcutaneous adipose tissue would have the same effects
236  on MMCs as previously observed with perivisceral MAs. To address this question, we established
237  cocultures with MMCs and different amounts of subcutaneous MAs. For a same amount of MAs
238  added (5x10°), the percentage of MMC proliferation did not show a significant difference in the
239  presence or absence of subcutaneous MAs (32% versus 35%; p = 0.13), whereas a clear increase
240 is observed with perivisceral MAs (32 versus 44%; P<0.001) (Fig. 2d). When examining the
241  percentage of nuclei in myosin®* cells, no significant reduction in myogenic differentiation was
242  observed in MMCs cocultured with 5x10°8 subcutaneous MAs compared to monoculture of MMCs
243 (25% versus 28%; p = 0.8). In contrast, with the same amount (5x10°) of perivisceral MAs, a
244 significant decrease in the percentage of nuclei in myosin* cells was observed (28% versus 20%,; p
245  =0.002) (Fig. 2e). However, a 6-fold increase (3x107) in the number of subcutaneous MAs gave
246  results comparable to 5x10° perivisceral MAs, i.e. an increase in proliferation (32% versus 42%;
247  P<0.001) (Fig. 2b) and a decrease in myogenic differentiation (28% versus 21%; p = 0.008) (Fig. 2e)

248  compared to MMC monoculture.

249

12


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

250 Mature adipocyte-derived soluble factor(s) influence the in vitro development of

251  mononucleated muscle cells

252  In our previous experiments, we used indirect cocultures, in which both cell types share a
253  common culture medium but are physically separated by a porous membrane (0.4 um). The
254  factor(s) contributing to the observed effects on MMCs should be soluble, smaller than the
255 transwell’s pores, and able to diffuse through the culture medium. In order to confirm this
256  hypothesis, we cultivated MMCs with different conditioned media as shown in Figure 3a. Our
257  analyses showed no significant effect on both proliferation (31% versus 32%; p = 0.99) (Fig. 3b)
258 and myogenic differentiation (32% versus 31%; p = 0.88) (Fig. 3c) of MMCs cultured with medium
259  conditioned by a previous MMC culture (CM MMC) alone compared to fresh monoculture of
260 MMCs (MCC). In contrast, medium conditioned by either coculture (CM CC) or by MAs alone (CM
261  MA) increased proliferation (31% versus 38%; P<0.001, 31% versus 39%; P<0.001) (Fig. 3b) and
262  decreased myogenic differentiation (32% versus 25%; P<0.001, 32% versus 23%; P<0.001) (Fig. 3c)
263  of MMCs. This effect of conditioned medium was comparable to that obtained with freshly
264  extracted adipocytes cells (proliferation: 31% versus 40% P<0.001, myogenic differentiation: 32%
265  versus 19%; P<0.001) (Fig. 3b,c). We observed the same effect with a medium conditioned by
266  coculture of adipocytes and MMCs (CM CC) as with mature adipocytes alone (CM MA).

267

268  Mature adipocytes inhibit early differentiation of myogenic cells in vitro
269  To investigate the dynamics of the interaction between MAs and MMC development in vitro, we
270  established coculture kinetics to determine the time required to observe a significant effect on

271  proliferation and on myogenic differentiation (Fig. 4a). While a clear increase in proliferation of

13
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272  MMCs was observed after 48 h (29% versus 37%; P<0.001) and 72 h (30% versus 39%; P<0.001)
273  of coculture, 24 h of exposure was not sufficient to observe a significant effect on MAs (19%
274  versus 23%; p = 0.051) (Fig. 4b). In contrast, a small but significant decrease in myogenic
275  differentiation was observed already after 24 h of adipocyte exposure (9% versus 5%; p =0.0157),

276  and was further enhanced at 48 h and 72 h (Fig. 4c).

277  Todetermine whether the responsiveness of MMCs to adipocyte-derived factor(s) changes during
278  the culture, we exposed the MMCs to conditioned medium for different time periods and fixed
279  the cells at the same developmental stage (day 5) (Fig4. d). Exposure to conditioned medium for
280 the last 48 hours and the last 72 hours, increased proliferation (26% versus 36%; p=0.014, 26%
281  versus 34% p=0.033)(Fig. 4e) as well as decreased myogenic differentiation (33% versus 23%;
282  P<0.001, 33% versus 21%; P<0.001) (Fig. 4f). However, while we did not observe a significant
283  differencein proliferation of MMCs cultured in conditioned medium during the last 24 hours (26%
284  versus 27%; p=0.3) (Fig. 4e), we still found a reduction in myogenic differentiation (33% versus

285  27%; p=0.022) (Fig. 4).

286 To determine at which stages adipocyte-derived factor(s) inhibits the myogenic program, we
287  performed in situ hybridization with markers of satellite cells (pax7), myoblasts (myoD1/2) and
288  myocytes (myogenin), after 24h of coculture (Fig. 5a). As shown in Figure 5b, 24h of coculture did
289  not change the percentage of pax7* (73% versus 70%; p=0.55) or the percentage of myoD1/2*
290 cells (52% versus 48%; p=0.41). In contrast, we observed a significant decrease in the percentage
291  of myogenin® cells after 24 h of coculture compared to monoculture of MMCs (44% versus 38%;

292  P<0.001).
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293

294  Mature adipocytes stimulate proliferation of fibro-adipogenic progenitors but not of myogenic

295 cells in vitro

296 We aimed to further characterize which population of MMCs proliferates in response to
297  adipocyte-derived soluble factor(s). First, we performed in situ hybridization on the monoculture
298  of MMCs with markers of fibro-adipogenic progenitors (FAPs) and myogenic cells, i.e. pdgfra and
299 myoD1/2, respectively (Fig. 6a). Our results showed that MMC monoculture contained 53% of
300 myoD1/2* cells and 55% of pdgfra * cells, indicating that they represent the two major
301 populations of mononucleated cells derived from white muscle (Fig. 6b). After 72 h of coculture,
302 we observed that the percentage of pdgfra* cells was increased compared to monoculture (55%
303  versus 66%, p = 0.0043), whereas no significant difference was observed for the percentage of
304 myoD1/2* cells (53% versus 52%, p=1) (Fig. 6b). To better determine which cell population was
305 stimulated by MAs, we also performed double labeling with BrdU and in situ hybridization for
306 myoD1/2 or pdgfra. The results indicated that the percentage of BrdU* cells within the myoD1/2*
307 population was similar between coculture and monoculture conditions (19% versus 19%, p=0.84),
308 whereas the percentage of proliferative cells (BrdU*) in the pdgfra* population increased (24%

309 versus 32%; p = 0.041) (Fig. 6¢) when MMCs were cultured in the presence of MAs.

310

311
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312 Discussion

313  The rainbow trout (Oncorhynchus mykiss) is an interesting model to study the communication
314 between adipose and muscle tissues due to its different growth patterns compared to mammals.
315 Indeed, trout exhibit an exponential muscle growth during the post-larval phase, associated with
316  strong hyperplasic and hypertrophic muscle activity. In the specific context of salmonid models,
317 the influence of adipose tissue on muscle growth remains poorly characterized. The aim of this
318  study was to determine whether mature adipocytes from different adipose tissues can influence
319 the proliferation and the myogenic differentiation of mononucleated muscle cells (MMCs) in
320 vitro. Our main results provide direct evidence for the existence of cellular communication
321 between mature adipocytes (MAs), fibro-adipogenic progenitors (FAPs) and myogenic cells in

322 trout.

323 In vertebrates, two preferred storage sites for adipose tissue have been identified, perivisceral
324  and subcutaneous, which are known to have different mobilization and metabolism>=3, In trout,
325 differences in the size distribution of MAs and the abundance of certain proteins have been
326  observed between the two tissue types, indicating different metabolic activities 1'*2. Our results
327  confirm the difference in MA size between both adipose tissues, with a higher proportion of larger
328 MAs in visceral adipose tissue compared to subcutaneous tissue. Because of these differences,

329  we also compared the effect of MAs from both adipose tissues on MMC growth.

330 To assess the influence of trout MAs on the in vitro growth of MMCs, we measured the
331  proliferation and myogenic differentiation in the presence or absence of adipocytes in an indirect

332  coculture system. We used mature primary adipocytes, which brings us closer to in vivo
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333 conditions, whereas studies in mammals typically use in vitro differentiated preadipocytes, which
334 may exhibit different properties. Under our experimental conditions, we observed a strong
335 stimulation of MMCs proliferation by perivisceral mature adipocytes, in a dose-dependent
336  manner (from 1x10° to 8x10° adipocytes). Subcutaneous adipocytes induced the same effect, but
337  ata much higher number (3x107), suggesting a difference in secretome between perivisceral and
338 subcutaneous MAs. Such differences are far from being studied in fish species and only partially
339  in humans 324 Thus far however, our approach, by using BrdU incorporation, provides a specific
340 and accurate measurement of proliferation in indirect coculture systems. These results are
341  consistent with other studies in mammals showing an increase in proliferation of MMCs in
342 response to preadipocytes or adipocytes, using less specific measures such as MTT assay
343  reflecting viability>> or by assessing the increase in total cell number3°. Our results suggest that
344  mature adipocytes from perivisceral tissue may enhance the proliferation of MMCs in trout in

345 Vivo.

346  In addition, our in vitro results clearly showed that perivisceral MAs inhibited differentiation of
347  myogenic cells in a dose-dependent manner. Again, subcutaneous MAs induced the same effect
348 but at a much higher number (3x107), confirming the difference in secretome between
349  perivisceral and subcutaneous adipocytes. These results are consistent with previous
350 observations in mammalian models showing a decrease in myotube formation during indirect
351  coculture in different models, such as in immortalized cell lines indirect coculture®®, in rat muscle
352  progenitors with adipogenic cells derived from rat muscle*®® and in indirect cocultures of
353  dedifferentiated chicken intramuscular adipocytes®’. Interestingly, the inhibition of myogenic

354  differentiation by MAs was characterized by a decrease in the percentage of myogenin* and
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355  myosin* cells but not of pax7* and myoD1/2* cells showing that the inhibition occurs from the
356  early stage of differentiation, preventing the formation of myotubes. Accordingly, Takegahara et
357 al. (2014) show that rat MAs decrease the percentage of myosin* cells but not that of MyoD*
358 cells®. Inhibition of MMC myogenic differentiation, observed as early as 24 hours, is earlier than
359 previously reported in the literature for an indirect coculture with MAs whereas coculture
360 durations of 2 to 5 days are generally required to observe such an effect 39°%>7, Nevertheless,
361 quantitative RT-PCR analyses show that expression of pax7, myoD, myogenin and myosin®’ is
362 reduced as early as 24 hours in presence of chicken intramuscular preadipoctyes. This apparent
363  discrepancy, can arise from existing differences between preadipocytes and mature adipocytes,
364 but also to the technique used. Together, the marked and rapid reduction in myotube formation

365 by MAs is probably due to early inhibition of myogenic differentiation.

366 Considering the absence of cell-to-cell contact in our experiments, the observed effects on muscle
367 cells should be due to soluble factors. However, we cannot exclude the possibility that MMCs
368 induce the production of factors by adipocytes, which in turn may affect their proliferation and
369 myogenic differentiation. Our results showed that cultured MMCs with medium conditioned with
370 both MMCs and MAs or with MAs alone, stimulated proliferation and inhibited myogenic
371  differentiation to the same extend as freshly isolated adipocytes. These results confirm that MAs
372  secrete one or more soluble factors that directly influenced MMCs growth in vitro, and that the
373  production of these factors by adipocytes is independent of the MMCs. The nature of this factor
374  isunknown, but it is known that adipocytes, as many other cells, secrete various molecules such
375 as proteins, lipids, extracellular vesicles, etc. that could stimulate the proliferation of MMCs and

376  inhibit the differentiation of myogenic cells 3068,
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377  Since proliferation and myogenic differentiation are mutually exclusive cellular processes, we
378 wondered whether increased proliferation would cause decreased myogenic differentiation, or
379  vice versa, inducing a time lag in the onset of both effects. The kinetic of MMCs proliferation and
380 myogenic differentiation, indicate the effect of MAs on myogenic differentiation was observed as
381 early as 24 h, while the effect on proliferation was not observed until 48 h. Furthermore,
382  incubation of MMCs with adipocyte-conditioned medium during the last 24 h of the culture (from
383 day 4 to day 5) was sufficient to reduce myogenic differentiation but not proliferation. Taken
384  together, these results indicate that the effects of MAs on myogenic proliferation and myogenic
385 differentiation are only slightly time delayed, which cannot directly explain the increased
386 proliferation of MMCs by MAs. We have previously shown that 2 days after MMCs extraction,
387 some cells proliferate while others start to differentiate?®, demonstrating the presence of cell
388  subtypes at different stages of the myogenic program in the MMCs extracted from trout muscle.
389 Therefore, we wondered whether adipocyte-secreted factors, in addition to inhibiting myogenic
390 differentiation, would also stimulate the proliferation of the cells that are not yet engaged in the
391 myogenic differentiation. Surprisingly, our results show that the proliferation of myogenic cells
392 (myoD*) does not account for the observed increase in MMCs proliferation induced by MAs in
393  contrast to the proliferation of fibro-adipogenic progenitors (pdgfrat) that is stimulated. Several
394  works report that preadipocytes or adipocytes enhance the proliferation of primary culture of
395  MMCs >>°9, but the identity of the proliferative cells has never been investigated. In contrast,
396 MAs-induced stimulation of FAP proliferation has previously been observed in FAPs derived from
397 adipose tissue in human, but never in muscle derived FAPs %1, Thus, FAP proliferation in

398 response to MAs-derived factor appears to be a conserved mechanism regardless of FAP origin.

19


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

399 In conclusion, we have demonstrated a cross-talk between mature adipocytes and
400 mononucleated muscle cells in trout based on adipocytes-derived secreted factor(s) that
401 stimulates proliferation of FAPs but inhibits differentiation of myogenic cells in vitro. Despite
402 these findings, much remains to be explored regarding the diverse secretions of adipose tissue in
403 fish, and further studies are needed to determine which specific adipocyte-derived factors may
404  be responsible for the observed effects on mononucleated muscle cells in our experimental

405 context.

406 Acknowledgments

407  We particularly thank C. Duret for trout rearing and C Ralliere for technical assistance in RNAscope
408  analyses. This work was supported the ANR FishMuSC (ANR-20-CE20-0013-01). The fellowship of

409 Valentine Goffette was supported by INRA PHASE and the Région Bretagne.

410 Author Contributions

411 IH and J-CG conceptualized the study; VG performed all the laboratory analyses; JB and SJ
412  developed a macro-command on Fiji software to automated quantification (RNAscope, adipocyte
413  size); VG, IH and JCG analyzed and interpreted the data; JCG and IH. acquired funding; VG, IH and
414  JCG drafted and critically reviewed the manuscript. All authors have read and approved the final

415  manuscript.

416  Data availability

417  The datasets used and analysed during the current study are available from the corresponding

418  author (jean-charles.gabillard@inrae.fr) on reasonable request.

20


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1. Daniel, Z. C. T.R,, Brameld, J. M., Craigon, J., Scollan, N. D. & Buttery, P. J. Effect of maternal
dietary restriction during pregnancy on lamb carcass characteristics and muscle fiber
compositionl. Journal of Animal Science 85, 1565-1576 (2007).

2. Ford, S. P. et al. Maternal undernutrition during early to mid-gestation in the ewe results in
altered growth, adiposity, and glucose tolerance in male offspringl. Journal of Animal
Science 85, 1285-1294 (2007).

3. Karunaratne, J. P., Bayol, S. A., Ashton, C. J., Simbi, B. H. & Stickland, N. C. Potential
molecular mechanisms for the prenatal compartmentalisation of muscle and connective
tissue in pigs. Differentiation 77, 290-297 (2009).

4. Rehfeldt, C. & Kuhn, G. Consequences of birth weight for postnatal growth performance and
carcass quality in pigs as related to myogenesisl. Journal of Animal Science 84, E113—E123
(2006).

5. Williams, P. J. et al. Influence of birth weight on gene regulators of lipid metabolism and
utilization in subcutaneous adipose tissue and skeletal muscle of neonatal pigs.
REPRODUCTION 138, 609—617 (2009).

6. Bonnet, M. et al. Prediction of the Secretome and the Surfaceome: A Strategy to Decipher
the Crosstalk between Adipose Tissue and Muscle during Fetal Growth. IJMS 21, 4375
(2020).

7. Eshima, H. et al. Long-term, but not short-term high-fat diet induces fiber composition
changes and impaired contractile force in mouse fast-twitch skeletal muscle. Physiological

Reports 5, €13250 (2017).

21


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

441 8. Shi,J., Cai, M., Si, Y., Zhang, J. & Du, S. Knockout of myomaker results in defective myoblast
442 fusion, reduced muscle growth and increased adipocyte infiltration in zebrafish skeletal

443 muscle. Human Molecular Genetics 27, 3542-3554 (2018).

444 9. Lefevre, F. et al. Selection for muscle fat content and triploidy affect flesh quality in pan-size
445 rainbow trout, Oncorhynchus mykiss. Aquaculture 448, 569-577 (2015).

446  10. Lefevre, F. et al. From the Third to the Seventh Generation of Selection for Muscle Fat

447 Content in Rainbow Trout: Consequences for Flesh Quality.
448 http://biorxiv.org/lookup/doi/10.1101/2023.12.04.569019 (2023)
449 do0i:10.1101/2023.12.04.569019.

450 11. Weil, C,, Lefevre, F. & Bugeon, J. Characteristics and metabolism of different adipose tissues
451 in fish. Rev Fish Biol Fisheries 23, 157-173 (2013).

452 12. Weil, C,, Sabin, N., Bugeon, J., Paboeuf, G. & Lefevre, F. Differentially expressed proteins in
453 rainbow trout adipocytes isolated from visceral and subcutaneous tissues. Comparative
454 Biochemistry and Physiology Part D: Genomics and Proteomics 4, 235-241 (2009).

455  13. Albalat, A. et al. Nutritional and hormonal control of lipolysis in isolated gilthead seabream
456 (Sparus aurata) adipocytes. American Journal of Physiology-Regulatory, Integrative and

457 Comparative Physiology 289, R259—-R265 (2005).

458  14. Vianen, G. ., Obels, P. P, van den Thillart, G. E. E. J. M. & Zaagsma, J. B-Adrenoceptors

459 mediate inhibition of lipolysis in adipocytes of tilapia (Oreochromis mossambicus). American
460 Journal of Physiology-Endocrinology and Metabolism 282, E318—E325 (2002).

461  15. Albalat, A., Gutiérrez, J. & Navarro, I. Regulation of lipolysis in isolated adipocytes of

462 rainbow trout (Oncorhynchus mykiss): The role of insulin and glucagon. Comparative

22


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

463 Biochemistry and Physiology Part A: Molecular & Integrative Physiology 142, 347-354

464 (2005).

465  16. Rodbell, M. Metabolism of Isolated Fat Cells: I. EFFECTS OF HORMONES ON GLUCOSE

466 METABOLISM AND LIPOLYSIS. Journal of Biological Chemistry 239, 375-380 (1964).

467  17. Fernyhough, M. E. et al. Primary Adipocyte Culture: Adipocyte Purification Methods May
468 Lead to a New Understanding of Adipose Tissue Growth and Development. Cytotechnology
469 46, 163-172 (2004).

470  18. Bouraoui, L., Gutiérrez, J. & Navarro, |. Regulation of proliferation and differentiation of
471 adipocyte precursor cells in rainbow trout (Oncorhynchus mykiss). Journal of Endocrinology
472 198, 459-469 (2008).

473  19. Salmerdn, C., Acerete, L., Gutiérrez, J., Navarro, . & Capilla, E. Characterization and

474 endocrine regulation of proliferation and differentiation of primary cultured preadipocytes
475 from gilthead sea bream (Sparus aurata). Domestic Animal Endocrinology 45, 1-10 (2013).
476  20. Basto-Silva, C. et al. Gilthead seabream (Sparus aurata) in vitro adipogenesis and its

477 endocrine regulation by leptin, ghrelin, and insulin. Comparative Biochemistry and

478 Physiology Part A: Molecular & Integrative Physiology 249, 110772 (2020).

479  21. Bou, M. et al. Gene expression profile during proliferation and differentiation of rainbow
480 trout adipocyte precursor cells. BMC Genomics 18, 347 (2017).

481  22. Shen, J. X. et al. 3D Adipose Tissue Culture Links the Organotypic Microenvironment to
482 Improved Adipogenesis. Adv Sci (Weinh) 8, e2100106 (2021).

483 23. Stickland, N. C. Growth and development of muscle fibres in the rainbow trout (Salmo

484 gairdneri). 11.

23


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

24.

25.

26.

27.

28.

29.

30.

31.

32.

available under aCC-BY-NC-ND 4.0 International license.

Mauro, A. Satellite cell of skeletal muscle fibers. The Journal of Biophysical and Biochemical
Cytology 9, 493-495 (1961).

Brun, C. E., Chevalier, F. P., Dumont, N. A. & Rudnicki, M. A. Chapter 10 - The Satellite Cell
Niche in Skeletal Muscle. in Biology and Engineering of Stem Cell Niches (eds. Vishwakarma,
A. & Karp, J. M.) 145-166 (Academic Press, Boston, 2017). doi:10.1016/B978-0-12-802734-
9.00010-X.

Gabillard, J. C., Sabin, N. & Paboeuf, G. In vitro characterization of proliferation and
differentiation of trout satellite cells. Cell Tissue Res 342, 471-477 (2010).

De Micheli, A. J. et al. Single-Cell Analysis of the Muscle Stem Cell Hierarchy Identifies
Heterotypic Communication Signals Involved in Skeletal Muscle Regeneration. Cell Reports
30, 3583-3595.e5 (2020).

Dell’Orso, S. et al. Single cell analysis of adult mouse skeletal muscle stem cells in
homeostatic and regenerative conditions. Development 146, dev174177 (2019).

Dodson, M. V., Vierck, J. L., Hossner, K. L., Byrne, K. & McNamara, J. P. The development and
utility of a defined muscle and fat co-culture system. Tissue and Cell 29, 517-524 (1997).
Takegahara, Y., Yamanouchi, K., Nakamura, K., Nakano, S. & Nishihara, M. Myotube
formation is affected by adipogenic lineage cells in a cell-to-cell contact-independent
manner. Experimental Cell Research 324, 105-114 (2014).

Dietze, D. et al. Impairment of Insulin Signaling in Human Skeletal Muscle Cells by Co-
Culture With Human Adipocytes. Diabetes 51, 2369-2376 (2002).

Pellegrinelli, V. et al. Human Adipocytes Induce Inflammation and Atrophy in Muscle Cells

During Obesity. Diabetes 64, 3121-3134 (2015).

24


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

33.

34.

35.

36.

37.

38.

39.

40.

41.

available under aCC-BY-NC-ND 4.0 International license.

Park, S., Baek, K. & Choi, C. Suppression of adipogenic differentiation by muscle cell-induced
decrease in genes related to lipogenesis in muscle and fat co-culture system: Muscle cells
reduce preadipocyte differentiation. Cell Biol Int 37, 1003—1009 (2013).

Chen, W., Wang, L., You, W. & Shan, T. Myokines mediate the cross talk between skeletal
muscle and other organs. J Cell Physiol 236, 2393-2412 (2021).

Stanford, K. I. & Goodyear, L. J. Muscle-Adipose Tissue Cross Talk. Cold Spring Harb Perspect
Med 8, 2029801 (2018).

Karastergiou, K. & Mohamed-Ali, V. The autocrine and paracrine roles of adipokines.
Molecular and Cellular Endocrinology 318, 69-78 (2010).

Punyadeera, C. et al. The effects of exercise and adipose tissue lipolysis on plasma
adiponectin concentration and adiponectin receptor expression in human skeletal muscle.
eur j endocrinol 152, 427-436 (2005).

Yamauchi, T. et al. Adiponectin stimulates glucose utilization and fatty-acid oxidation by
activating AMP-activated protein kinase. Nat Med 8, 1288-1295 (2002).

Nicholson, T., Church, C., Baker, D. J. & Jones, S. W. The role of adipokines in skeletal muscle
inflammation and insulin sensitivity. J Inflamm (Lond) 15, 9 (2018).

Argilés, J. M., Lépez-Soriano, J., Almendro, V., Busquets, S. & Lépez-Soriano, F. J. Cross-talk
between skeletal muscle and adipose tissue: A link with obesity?: MUSCLE-FAT METABOLIC
INTERRELATIONSHIPS. Med. Res. Rev. 25, 49-65 (2005).

Tomas, E. et al. Metabolic and hormonal interactions between muscle and adipose tissue.

Proc. Nutr. Soc. 63, 381-385 (2004).

25


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

42.

43.

44.

45.

46.

47.

48.

49.

50.

available under aCC-BY-NC-ND 4.0 International license.

Pedersen, B. K. & Febbraio, M. A. Muscle as an Endocrine Organ: Focus on Muscle-Derived
Interleukin-6. Physiological Reviews 88, 1379-1406 (2008).

Biferali, B., Proietti, D., Mozzetta, C. & Madaro, L. Fibro—Adipogenic Progenitors Cross-Talk
in Skeletal Muscle: The Social Network. Front. Physiol. 10, 1074 (2019).

Hue, I. et al. Recent advances in the crosstalk between adipose, muscle and bone tissues in
fish. Front Endocrinol (Lausanne) 14, 1155202 (2023).

Garikipati, D. K., Gahr, S. A. & Rodgers, B. D. Identification, characterization, and
guantitative expression analysis of rainbow trout myostatin-1a and myostatin-1b genes.
Journal of Endocrinology 190, 879—-888 (2006).

Garikipati, D. K., Gahr, S. A., Roalson, E. H. & Rodgers, B. D. Characterization of Rainbow
Trout Myostatin-2 Genes (rtMSTN-2a and -2b): Genomic Organization, Differential
Expression, and Pseudogenization. Endocrinology 148, 2106-2115 (2007).

Kondo, H. et al. EST analysis on adipose tissue of rainbow trout Oncorhynchus mykiss and
tissue distribution of adiponectin. Gene 485, 40—45 (2011).

Sdnchez-Gurmaches, J., Cruz-Garcia, L., Gutiérrez, J. & Navarro, I. Adiponectin effects and
gene expression in rainbow trout: an in vivo and in vitro approach. Journal of Experimental
Biology 215, 1373-1383 (2012).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat Methods
9, 676-682 (2012).

Ralliere, C., Jagot, S., Sabin, N. & Gabillard, J.-C. Dynamics of pax7 expression during
development, muscle regeneration, and in vitro differentiation of satellite cells in the trout.

2023.07.19.549701 Preprint at https://doi.org/10.1101/2023.07.19.549701 (2023).

26


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

550 51. Bjorntorp, P. Metabolic Implications of Body Fat Distribution. Diabetes Care 14, 1132-1143
551 (1991).

552  52. Porter, S. A. et al. Abdominal Subcutaneous Adipose Tissue: A Protective Fat Depot?

553 Diabetes Care 32, 1068—1075 (2009).

554  53. Item, F. & Konrad, D. Visceral fat and metabolic inflammation: the portal theory revisited:
555 Visceral fat and metabolic inflammation. Obes Rev 13, 30—39 (2012).

556 54. Kahn, D. et al. Exploring Visceral and Subcutaneous Adipose Tissue Secretomes in Human
557 Obesity: Implications for Metabolic Disease. Endocrinology 163, bqac140 (2022).

558 55. Yan, ), Gan, L., Yang, H. & Sun, C. The proliferation and differentiation characteristics of co-
559 cultured porcine preadipocytes and muscle satellite cells in vitro. Mol Biol Rep 40, 3197—
560 3202 (2013).

561 56. Seo, K., Suzuki, T., Kobayashi, K. & Nishimura, T. Adipocytes suppress differentiation of

562 muscle cells in a co-culture system. Animal Science Journal 90, 423-434 (2018).

563 57. Guo, L. et al. Intramuscular preadipocytes impede differentiation and promote lipid

564 deposition of muscle satellite cells in chickens. BMC Genomics 19, 838 (2018).

565  58. El-Hattab, M. Y. et al. Human Adipocyte Conditioned Medium Promotes In Vitro Fibroblast
566 Conversion to Myofibroblasts. Sci Rep 10, 10286 (2020).

567 59. Li, Y. et al. Myokine IL-15 regulates the crosstalk of co-cultured porcine skeletal muscle

568 satellite cells and preadipocytes. Mol Biol Rep 41, 7543—7553 (2014).

569 60. Considine, R. V. et al. Paracrine stimulation of preadipocyte-enriched cell cultures by mature
570 adipocytes. American Journal of Physiology-Endocrinology and Metabolism 270, E895—-E899

571 (1996).

27


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

572  61. Maumus, M. et al. Evidence of in Situ Proliferation of Adult Adipose Tissue-Derived

573 Progenitor Cells: Influence of Fat Mass Microenvironment and Growth. The Journal of
574 Clinical Endocrinology & Metabolism 93, 4098—-4106 (2008).

575

576

28


https://doi.org/10.1101/2024.05.15.594377
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.15.594377; this version posted May 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

577 Figure 1. Mature adipocytes stimulate proliferation but inhibit differentiation of
578 mononucleated muscle cells. (a) Diagram of the isolation, extraction, culture and co-culture of
579  mononucleated muscle cells (MMC) and mature adipocytes (MA) from perivisceral adipose tissue
580 of rainbow trout. (b, c) Images of immunocytofluorescence analysis for myosin (MF20, red), BrdU
581 (green) in MMC alone (MMC) or cocultured with MA (MMC+MA) after fixation on day 5. Cell
582  nuclei are stained with Dapi (blue). (d, f) Quantification of cell proliferation, measured by BrdU
583 incorporation, and myogenic differentiation (e, g), measured by immunocytofluorescence
584  labeling of myosin (MF20). Compared to monocultured MMCs, MMCs cocultured with MA for 72
585  hours display higher proliferation (d) and lower differentiation (e). (f, g) Dose-dependent effect
586  of adipocyte number (0, 5x10°, 1x10°, 5x10°, 8x10°) on proliferation (BrdU) and differentiation
587 (MF20) of MMCs. The different symbols correspond to different experiments. Statistical
588  significance was determined by two-factor ANOVA followed by Tukey post hoc tests, or Scheirer-
589  Ray-Hare tests with Dunn post hoc and Bonferroni correction. Significance levels: ns (not
590 significant), ** (p < 0.01), *** (p < 0.001).

591

592  Figure 2. Comparison of the effect of mature subcutaneous and perivisceral adipocytes on
593 MMLC. (a) Bright field images of mature adipocytes (MA) extracted from subcutaneous (SA) (left,
594  red) and perivisceral (PVA) (right, orange) adipose tissue. (b) Comparison of the mean adipocyte
595  diameter (>10um) between the two extractions, showed a significantly higher adipocyte diameter
596 in PVA. (c) Distribution of adipocyte size (>10um) from SA (red) and PVA (orange) showed a higher
597  proportion of adipocytes with a diameter >25 um in PVA compared to those from SA. (d) MMC
598 proliferation, measured by BrdU quantification and (e) myogenic cell differentiation, measured
599 by immunocytofluorescence labeling of myosin (MF20). Compared to MCC monoculture, MMC
600 cocultured for 72 hours with MA extracted from perivisceral adipose tissue (MMC + PVA),
601 displayed higher proliferation and lower differentiation. When MMCs were cocultured with MA
602  extracted from subcutaneous adipose tissue (MMC + SA) at an equivalent cell number (5x108) and
603  duration (72 h), no significant differences were observed compared to MMCs cultured alone.
604 However, an increase to 3x10’ cells showed a similar effect on both proliferation and
605 differentiation parameters, suggesting a response dependent on cell quantity. The different
606  symbols correspond to different experiments. Statistical significance was determined by two-
607  factor ANOVA followed by Tukey post hoc tests, or Scheirer-Ray-Hare tests with Dunn post hoc
608  and Bonferroni correction. Significance levels: ns (not significant), * (p < 0.05), ** (p < 0.01), ***
609 (p<0.001).

610 Figure 3. Conditioned medium with mature adipocytes alone is sufficient to influence the
611 development of mononucleated muscle cells in vitro. (a) Diagram of the isolation, extraction,
612 culture for media conditioning, and diagram of isolation, extraction, and culture of
613 mononucleated muscle cells (MMC) with either mature adipocytes (MMC + MA) or conditioned
614 media: conditioned medium with MMC alone (CM MMC), conditioned medium with coculture
615 (CM CC), conditioned medium with mature adipocytes (CM MA). (b) MMC proliferation,
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616  measured by BrdU quantification. Compared to MMC monoculture (MMC) or MMC culture with
617 conditioned medium with MMC (CM MMC), exposure to conditioned medium with mature
618 adipocytes (CM MA) or with coculture (CM CC) led to an increase in MMC proliferation (p<0.001).
619  This effect mirrors that observed in the presence of freshly extracted mature adipocytes from
620 perivisceral tissue (MMC + MA). (c) Opposite effects were observed on myogenic cell
621 differentiation, as revealed by immunocytofluorescence labeling of myosin (MF20). No significant
622  change was observed with CM MMC, whereas CM MA and CM CC showed a marked reduction,
623  similar to the effect of MA. The different symbols correspond to different experiments. Statistical
624  significance was determined by two-factor ANOVA followed by Tukey post hoc tests, or Scheirer-
625 Ray-Hare tests with Dunn post hoc and Bonferroni correction. Significance levels: ns (not
626  significant), * (p <0.05), ** (p <0.01), *** (p < 0.001).

627  Figure 4. Time-dependent effects of mature adipocytes on the development of mononucleated
628 muscle cells in vitro. (a) Diagram of the isolation, extraction and coculture of mononucleated
629  muscle cells (MMC) and mature adipocytes (MA) from perivisceral adipose tissue, with fixation of
630 MMC at different time points after the onset of coculture (24 h, 48 h, 72 h). (b) MMC proliferation,
631 measured by BrdU quantification, showed no significant difference at 24 h in the presence of MA,
632 whereas a marked increase in proliferation was observed at 48 h and 72 h of coculture. (c)
633  Myogenic cell differentiation, measured by immunocytofluorescence labeling of myosin (MF20),
634  was slightly decreased at 24h in the presence of MA, followed by a pronounced decrease at 48h
635 and 72h of coculture. (d) Diagram of the isolation, extraction and culture of MMCs with adipocyte-
636  conditioned medium (CM MA) using different exposure times (24 h, 48 h, 72 h) but fixation on
637 day 5 for each condition. () MMC proliferation, measured by BrdU quantification, showed that a
638 24 h exposure to conditioned medium between day 4 and day 5 is not sufficient to increase
639  proliferation (p=0.3), in contrast to 48 h or 72 h exposure to conditioned medium. (f) Myogenic
640 cell differentiation, measured by immunocytofluorescence labeling of myosin (MF20), showed a
641  significant reduction in differentiation already after 24h of exposure to conditioned medium. The
642  different symbols correspond to different experiments. Statistical significance was determined by
643  two-factor ANOVA followed by Tukey post hoc tests, or Scheirer-Ray-Hare tests with Dunn post
644  hoc and Bonferroni correction. Significance levels: ns (not significant), * (p < 0.05), ** (p < 0.01),
645  *** (p <0.001).

646  Figure 5. Early inhibition of myogenic differentiation of mononucleated muscle cells by mature
647  adipocytes in vitro. (a) Images showing in situ hybridization analyses of pax7 (green) or myod1/2
648 (red) or myogenin (green) expression on monocultured mononucleated muscle cells (MMC) or
649  MMC cocultured for 24h with mature adipocytes (MA) from perivisceral adipose tissue. Cell nuclei
650 are stained with Dapi (blue). (b) Quantification of MMC percentage expressing pax7, myod1/2
651 and myogenin revealed that matured adipocytes significantly reduced only the percentage of
652  myogenin® cells. Statistical significance was determined by the Wilcoxon test. Significance levels:
653  ns (not significant), * (p < 0.05), ** (p < 0.01).
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654  Figure 6. Mature adipocytes stimulate in vitro proliferation of fibro-adipogenic progenitors but
655 not of myogenic cells derived from mononucleated muscle cells in vitro. (a) Images showing
656  immunocytofluorescence detection of BrdU (red) associated with in situ hybridization analysis of
657 myod1/2 (green) or pdgfra (green) expression on monocultured mononucleated muscle cells
658  (MMC) or MMC cocultured for 72 h with mature adipocytes (MA) from perivisceral adipose tissue.
659  Cell nuclei are stained with Dapi (blue). (b) Quantification of MMC percentage expressing
660 myod1l/2 and pdgfra indicated that mature adipocytes significantly increased pdgfrat cell
661  proportion. (c) Proliferation of each cell type (myod1/2* or pdgfra*), was analyzed by detection
662  of BrdU incorporation and showed no increase of BrdU* percentage in myod1/2* cells in coculture,
663  but a significant increase in proliferation of pdgfra*. Statistical significance was determined by
664  the Wilcoxon test. Significance levels: ns (no significance), * (p < 0.05), ** (p < 0.01).

665
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