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1. Introduction

Autologous fat graft has been widely used in reconstructive and 

cosmetic surgery as a natural filler (1,2). It is abundant, naturally 

integrated into recipient sites, and has the potential to be permanent 

(3,4). However, despite these advantages, fat grafts are resorbed at 

various rates, making it difficult to predict the outcomes (5-10). 

Therefore, improving the graft survival rate has been the primary focus 

of fat graft researches. There are numerous studies investigating fat 

grafting methods, such as various cell-assisted lipotransfer, recipient 

site preconditioning methods and ideal technique for graft, which 

enhanced graft retention (11-18). Also, various researches have been 

carried out to determine fat graft survival mechanisms (5, 19, 20, 21, 

22). The earliest research in fat graft survival was described by Peer. 

He proposed that the mechanism of fat graft survival is based on 

establishing early blood circulation through anastomosis of the fat 

graft and host blood vessels. Certain durable cells in the fat graft 

receive an early and adequate circulation and continue to survive, 

whereas the remainder of the graft degenerates and is gradually 

eliminated (8). On the other hands, some authors have challenged the 

common belief that grafted living adipocytes could survive and remain 
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alive for a long period. Yoshimura et al. have focused on the effects 

of ischemia, finding that adipocytes undergo apoptosis and necrosis as 

early as 24 hours after the onset of ischemia. In contrast, adipose-

derived stem/progenitor cells survive for three days after onset (21, 

22). Based on these findings, in vivo studies determined that only a 

marginal number of adipocytes survive after grafting; most adipocytes 

are eventually replaced with newly differentiated adipocytes from 

adipose-derived stromal cells (ASCs) (21). Additionally, researchers 

used fluorescent reporter tracing, observing that supplemented ASCs 

participate in angiogenesis and differentiate into adipocytes that 

integrate with surviving donor fat (23).

All of the aforementioned studies are feasible to have an effect on 

the survival of grafted adipose tissue. However, those studies focused 

on secondary issues, such as recipient’s environment or grafting 

methods, rather than grafted fat itself. Also, mechanistic studies were 

primarily limited to histological and morphological analyses, and the 

fundamental molecular mechanisms underlying non-vascularized fat graft 

survival are not entirely understood. Therefore, we performed an 

unbiased transcriptomic analysis and subsequent pharmacological study 

of a mouse free fat graft model to determine the molecular mechanisms 

underlying free fat graft survival. 
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2. Material and Methods

Mouse fat graft model

Animal studies were performed following the protocols (KM-2021-31) 

approved by the Animal Care Committee for Animal Research of Keimyung 

University. Specific pathogen-free 8-week-old C57BL/6J male mice 

(Charles River Laboratories Japan, Kanagawa, Japan) were maintained at 

room temperature (21 to 25 °C) and fed a standard chow diet and tap 

water ad libitum. All mice underwent anesthesia via isoflurane 

inhalation before the surgical and sampling procedures. The left 

subcutaneous inguinal adipose tissue was harvested en bloc through a 

midline abdominal incision for the autologous mouse fat graft model 

(Fig. 1A and B). The weight of the harvested adipose tissue was recorded 

for each mouse, and then the tissue was grafted at the harvest site 

without any tissue modifications. The right contralateral subcutaneous 

inguinal adipose tissue was used as a non-graft control (Fig. 2A).

Fat graft RNA extraction

Grafted adipose tissues were harvested on days 3 and 7 after grafting 

(Graft group, n = 5). Contralateral adipose tissues were harvested and 
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used as controls (Control group, n = 5). Each specimen was weighed and 

immediately frozen in liquid nitrogen. The samples were then 

homogenized with an appropriate volume of TRIzol reagent (Invitrogen, 

Carlsbad, CA, USA) in independent, safe lock tubes containing beads. 

After triazole/chloroform extraction, the aqueous phase was mixed with 

100 % ethanol and loaded onto an RNeasy column (Qiagen, Valencia, CA, 

USA). RNA extraction was performed according to the manufacturer’s 

protocol.

RNA-sequencing (RNA-seq) data analysis

Libraries were prepared for 151-bp paired-end sequencing using the 

TruSeq stranded messenger RNA (mRNA) Sample Preparation Kit (Illumina, 

San Diego, CA, USA). mRNA molecules were purified and fragmented from 

1 μg of total RNA using oligo (dT) magnetic beads. Fragmented mRNAs 

were synthesized as single-stranded complementary DNAs (cDNAs) through 

random hexamer priming and then used as templates for double-stranded 

cDNA synthesis. After sequential end repair, A-tailing, and adapter 

ligation, the cDNA libraries were amplified by polymerase chain 

reaction. The quality of these cDNA libraries was evaluated using an 

Agilent 2100 BioAnalyzer (Agilent, Santa Clara, CA, USA); the libraries 

were quantified using the KAPA Library Quantification Kit (Kapa 
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Biosystems, Wilmington, MA, USA) per the manufacturer’s library 

quantification protocol. After cluster amplification of the denatured 

templates, paired-end sequencing (2 × 151 bp) was performed using 

Illumina NovaSeq6000 (Illumina, USA). The adapter sequences and read 

ends with Phred quality scores less than 20 were trimmed; reads shorter 

than 50 bp were removed simultaneously using Cutadapt v.2.8.(24) 

Filtered reads were mapped to the reference genome related to the 

species using the aligner STAR v.2.7.1a following ENCODE standard 

options with the “-quantMode TranscriptomeSAM” option to estimate 

transcriptome expression levels.(25) Gene expression was estimated 

using RSEM v.1.3.1.(26) Next, transcript per million (TPM) values were 

calculated to normalize the sequencing depth among samples. Then, the 

TPM values were processed for principal component analysis (PCA) and 

unsupervised hierarchically clustered heat map generation. Next, a gene 

set enrichment analysis (GSEA) was performed with hallmark gene set 

collections of the Molecular Signature Database v7.4.(27) False 

discovery rate (FDR) q-values <0.15 were considered statistically 

significant. 

Pharmacological study with histological staining

We used the same mouse fat graft model described above to regulate 
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metabolic pathways in grafted fat. Left inguinal fat was harvested, 

weighed, and grafted in situ for each mouse. Once every two days, 2-

Deoxy-D-glucose (2-DG; 500 mg/kg of body weight, Sigma-Aldrich, Saint 

Louis, MO, USA) in phosphate-buffered saline (PBS; 100µL) and 20% 

glucose (1g/kg of body weight, Choongwae, Seoul, Republic of Korea) 

were injected in grafted fat (2-DG group; n = 5, Glucose group; n = 5). 

PBS (100µL) alone was used as the control (PBS group; n = 5) (Fig. 2B). 

The mouse body weights were tracked to determine whether the drug had 

any whole-body effect during the injection course. After 15 time 

injections, the grafted fats were harvested and weighed in all group 

for retention rate comparisons. In addition, contralateral right 

inguinal fat weight was measured to observe any nonspecific adipose 

effects of the drug injection.

For histologic analysis, harvested adipose tissues were fixed 

overnight with a 10 % neutral buffered formalin solution (Sigma-Aldrich) 

at 4 °C. After paraffin embedding, 5 µm sections were prepared for 

hematoxylin and eosin (H&E) staining. For immunofluorescence staining, 

rehydrated sections were blocked with 10 % goat serum in 1 % bovine 

serum albumin and then incubated at 4 °C overnight with a rabbit anti-

mouse perilipin antibody (1:1000, #3470, Cell Signaling Technology, 

Beverly, MA, USA). After several washes, the samples were incubated for 

2 hours at room temperature with Alexa Fluor 594-conjugated anti-rabbit 
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IgG (ab150080, Abcam, United Kingdom). Then, the samples were mounted 

with Prolong Gold antifade reagent with DAPI (Invitrogen, USA), and 

immunofluorescent images were acquired using an Axiovert 200M 

microscope (Zeiss, Oberkochen, Germany).

Statistical analyses

Data are presented as means ± standard errors of the mean (SEMs). 

Statistical differences were compared using a two-tailed, unpaired t-

tes and one-way analysis of variance (ANOVA). Differences with a value 

of p < 0.05 was considered statistically significant.
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3. Results

Grafted adipose tissues have differentially expressed gene profiles

Prior to RNA-seq, the weights of adipose tissue were analysed. In the 

graft group, the weights of adipose tissue were significantly increased, 

compared to the contralateral control in both 3-and 7-day (p < 0.05) 

(Table 1, Fig. 3). When compared with the weights before grafting, the

adipose tissues demonstrated weight increase after grafting, although

the statistics were not significant. The change we observed before and 

after the grafting may owe to the direct edematous and inflammatory 

stimulus of fat graft surgery. However, the significant weight 

reduction of the contralateral adipose tissues may be the result of 

whole body surgical stress by general anesthesia.

Total fifteen adipose tissue samples were subjected to RNA-seq, 

including (1) contralateral control adipose tissue (n = 5), (2) 3-day 

graft (n = 5), and (3) 7-day graft (n = 5). The PCA plot, which 

demonstrates sample clustering based on similarity, illustrated global 

differences in the transcriptomes of the grafted fat and the control 

(Fig. 4A). The 3-and 7-day graft transcriptomes was exhibited quite 

similar and clustered with each other. The heatmap also demonstrated 

hierarchical clustering of the transcriptomes of these samples (Fig. 
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4B). Furthermore, the PCA and heatmap results demonstrated that the 

transcriptome changes from grafting were biologically consistent, 

supporting further transcriptomic analyses.

Grafted adipose tissues undergo a metabolic shift from fatty acid 

metabolism to glycolysis

GSEA, a knowledge-based gene set analysis, identified biologically 

meaningful gene expression differences among the study groups. We 

analyzed the transcriptomes of the 3-and 7-day grafts by comparing them 

with those of the control non-graft adipose tissue. As a result, gene 

sets related to the epithelial-mesenchymal transition (FDR: q = 0.005) 

and hypoxia (FDR: q = 0.01) were the most upregulated in the 3-day 

grafts compared to those in the control grafts (Fig. 5A). Genes sets 

related to tumor necrosis factor-alpha (i.e., TNF-α) signaling via 

nuclear factor-kappa B (i.e., NFκB) (FDR: q = 0.022), the reactive 

oxygen species pathway (FDR: q = 0.028), complement (FDR: q = 0.026), 

inflammatory response (FDR: q = 0.024), and interleukin 6 Janus kinase-

signal transducer and activator of transcription (i.e., JAK-STAT) 

signaling (FDR: q = 0.029), which are primarily inflammation-related 

pathways, were also significantly upregulated in the 3-day grafts. In 

the 7-day grafts, genes sets related to angiogenesis (FDR: q = 0.023) 
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were the most upregulated compared to those in the control grafts; 

genes sets related to inflammation-related pathways, including 

complement (FDR: q = 0.092) and inflammatory response (FDR: q = 0.088), 

were also upregulated (Fig. 5B). 

Mechanistically, the glycolytic pathway was upregulated in the 3-day 

(FDR: q = 0.012) and 7-day (FDR: q = 0.084) fat grafts. In contrast, 

the top and most commonly upregulated gene sets in the control fat 

compared with those in the grafted fat were fatty acid metabolism (3-

day graft FDR: q = 0.028; 7-day graft FDR: q = 0.125) and adipogenesis 

(3-day graft FDR: q = 0.084; 7-day graft FDR: q = 0.062) (Fig. 6A and 

B). Together, these results demonstrate that the grafted adipose 

tissues undergo transcriptomic shift from fatty acid metabolism to 

glycolysis.

Glycolysis regulation in fat grafts affects graft retention rates

Next, to find out the effects of glycolysis pathway in fat graft 

retentions, we injected glucose and 2-DG directly to fat grafts in 

mouse model (Fig. 7). The PBS, glucose and 2-DG groups (n = 5 per group) 

had comparable weight gain during the 4-week injection period, 

suggesting that the localized drug injection did not affect whole-body 

metabolism (Fig. 8A). There were no significant differences of mouse 
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weight between three groups at the point of tissue harvest (Fig. 8B). 

The weights of adipose tissue were comparable between three groups. The 

only significant difference was observed in the 2-DG group. The weights

of grafted adipose tissue was reduced after 4 week 2-DG injection 

following grafting when compared with the PBS control (Table 2, Fig. 

9). In contrast, the volume increase observed in the glucose group was 

not statistically significant. In the macroscopic comparison of the 

adipose tissue, the volumes of grafted adipose tissue were reduced in 

2-DG group when compared with the PBS group (Fig. 10). Of note, the 

right contralateral control weight did not differ between three groups 

upon harvest after 4 weeks of injections, indicating that localized 

injections did not affect whole-body adipose metabolism (Fig. 9).

Glycolysis inhibition in fat grafts reduces marginal adipocyte survival

To microscopically visualize the reduced fat graft volume in the 2-DG 

group, we performed H&E and perilipin staining. In H&E staining, the 

2-DG group demonstrated more widespread fibrosis and higher number of 

lipid vacuoles with seemingly low viability when compared with the PBS 

group (Fig. 11, above). The PBS group had large perilipin-unstained 

lobules and small perilipin-stained adipocytes, implying active death 

and adipocyte regeneration. In contrast, the 2-DG group exhibited 
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relatively unevenly sized fat cells with perilipin-negative 

surroundings (Fig. 11, below). These results suggested that the 

glycolysis suppression in fat grafts interrupts the dynamic adipose

remodeling process, more specifically, the marginal adipose 

regeneration of fat grafts.
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4. Discussion

The mechanical manipulation of fat grafting process is likely to result 

in various biochemical, molecular and microenvironmental changes of 

adipose tissues. However, The specific mechanisms related to survival 

of fat grafts are still unknown. In this study, we performed a

transcriptomic analysis of mouse free fat graft model to find out the 

molecular changes in unbiased manner.

Previously, Schreiter et al. performed a microarray analysis of 7-day 

and 15-day subcutaneous fat grafts in female C57BL/6N mice. Using a 

differentially expressed gene analysis, they found that the genes 

related to extracellular matrix remodeling and inflammation were 

upregulated, while lipid metabolism-related genes were downregulated 

after transplantation (28). In this study, we performed RNA-seq, which 

detects a higher percentage of differentially expressed genes and a 

larger dynamic range than the array technology (29-34). Moreover, we 

searched for more direct mechanisms that may affect the survival and 

retention rates of fat grafts, to further translate molecular research 

to clinics.

Based on previous observations by Suga et al., we chose to analyze 

the transcriptome on days 3 and 7 after grafting, when ischemic and 
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angiogenic/adipogenic effects are expected to be highly active, 

respectively (22). We used solely male mice in order to exclude any 

effects of sex hormones on adipose metabolism. Moreover, we did not 

manipulate the adipose tissues to prevent the effects of mechanical 

stimuli on gene expression.(35, 36) As other studies identified that 

changing the location of adipose tissue leads to change type of adipose 

tissue or even overall metabolism of whole body, we did not change the 

adipose tissue location for fat grafting. Instead, we grafted them in 

situ to exclude depot-and location-specific effects of adipose tissues 

(37-39). 

We attempted to minimize adipose tissue handling before grafting in 

our experiments; thus, we did not break down the fat, trying to minimize 

additional effects from mechanical stimuli. We also considered that 

artificial ex vivo fat fragmentation does not precisely resemble fat 

dissociation during human fat harvesting. However, our model did 

contain a disadvantageous large fat volume for grafting, which may 

appear as large fat necrosis in the core of the graft. To minimize any 

effects of necrosis on RNA quality, we chose to extract RNA in the 

Trizol-containing bead-beating tubes that break down the specimens from 

the periphery. We also performed RNA extraction by adding an additional 

centrifugation step before phenol-chloroform extraction to minimize the 

effects of contamination.
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Our PCA plot and heatmap analysis suggest significant changes by 

showing consistent and clustered transcriptome differences between fat 

grafts and control adipose tissues, suggesting significant changes. In 

GSEA, we performed GSEA with hallmark gene set collections to acquire 

biological insights into transcriptome changes (27). The 3-day grafts 

demonstrated significantly increased expression of hypoxia-and 

inflammation-related genes, whereas the 7-day grafts exhibited 

upregulation of angiogenesis-related genes. It is well-known that 

hypoxic state must follow after non-vascularized fat graft (40-43). And 

fat graft induces inflammation through activation of pro-inflammatory 

cytokines in adipose tissue due to hypoxia (44). Our consistent 

molecular observations with previous studies can enhance the 

reliability of our results.

Adipose tissue consists of adipocytes, ASCs, vascular endothelial 

cells, pericytes, fibroblasts, macrophages and extracellular matrix 

(45). In general, cells and tissues predominantly consume glucose and 

fatty acids for survival and adaptation (46-48). To identify potential 

graft survival mechanisms, we focused on the glycolytic pathway, which 

was upregulated metabolic pathway in both 3-and 7-day grafts. In 

addition, we found that the control fat had more upregulation of fatty 

acid metabolism-related genes than the 3-and 7-day grafted fats. These 

results indicate that fat grafts undergo a metabolic shift from fatty 
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acid-dominant metabolism to glycolysis-dominant metabolism. 

To determine the effect of the glycolysis shift on graft survival, we 

performed a pharmacological regulation study in a mouse fat graft model. 

We found that 4-week localized suppression of glycolysis in the fat 

grafts significantly reduced the graft retention rate, possibly by 

suppressing marginal adipose survival and regeneration. Conversely, the 

amplification through local glucose injection showed an increase in 

volume, although the results were not statistically significant. 

Histologically, we found the viable adipocytes was significantly 

decreased in pharmacological inhibition groups. We also tracked the 

whole-body weight and checked the contralateral inguinal fat mass, 

ruling out whole-body drug effects. Therefore, we could conclude that 

adipose tissues undergo a metabolic shift to glycolysis for survival 

after non-vascularized grafting. 

Previous studies have suggested a shift to glycolysis in fat grafts. 

For example, a 2010 study by Suga et al. describing the phenomenon of

adipose ischemia demonstrated that fats increase fibroblast growth 

factor-2 (FGF-2) expression in response to ischemia (22). It is widely 

assumed that the primary function of a growth factor is to regulate 

glucose uptake and metabolism, thus maintaining mitochondrial 

homeostasis and activating anabolic pathways required for cell growth. 

Growth factors also critically regulate glucose uptake and glycolysis-
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related genes, implying that increased FGF-2 expression in adipose 

ischemia may be related to the glycolysis increase in our fat graft 

model (49). Our study adds to this finding that underlying transcriptome 

changes to the glycolytic pathway may contribute to higher glucose 

metabolism after fat grafting. 

Taking a closer look to the results of glucose injections in fat 

grafts, we need deeper discussion about the glycolysis. Glycolysis is 

a basic energy metabolism process carried out even in prokaryotes (50).

In anaerobic conditions, as in the fat grafts, the cells predominantly 

produce ATP by glycolysis and reduces the portions produced by oxidative 

phosphorylations. In specific conditions, when the glycolysis process

has to occur continuously, NAD+ is depleted and eventually the 

glycolysis process is stopped (51). Because of this, most tissues do 

not withstand the anaerobic conditions for a long time and are destroyed. 

Glycolysis is stopped without NADH oxidation process, and consequently, 

it is stopped no matter how much glucose is present. The amounts of 

enzymes are limited for every conditions, so we had to consider that 

the simple glucose injections in our model may have not led to 

glycolysis increase in the fat grafts. Taken together, we could conclude 

that it may be inappropriate to consider that glucose local injection 

amplified the glycolysis pathway. However, the ischemic state after 

non-vascularized fat graft is inevitable, and to ideally concretize our 
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study scheme to increase glycolysis in fat grafts, we need more delicate 

study designs. In a recent study, NADH oxidase, which oxidizes NADH to 

NAD+, was obtained from lactobacillus (52). If this is continuously 

injected with glucose, it may be possible to produce energy withstanding 

in the ischemic state. 

In the Warburg effect first described in the 1920s (53), the cancer 

cells generate energy via glycolysis rather than mitochondrial 

oxidative phosphorylation even in the presence of oxygen. Although the 

glycolytic shift observed in our fat graft model may have resulted from 

obvious ischemic conditions, we still must consider that more 

fundamental metabolic reprogramming may occur after non-vascularized 

adipose tissue grafting. Future studies will focus on the

identification of up-stream molecular pathways, and the translation of 

our findings in clinics. 
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(Abstract)

Fat grafts are commonly used as natural fillers in reconstructive and 

cosmetic surgeries. However, the mechanisms underlying fat graft 

survival are poorly understood. Here, we performed an unbiased 

transcriptomic analysis in a mouse fat graft model to determine the 

underlying molecular mechanisms of free fat graft survival.

We conducted an RNA-sequencing analysis in a mouse free subcutaneous 

fat graft model on days 3 and 7 after grafting (n = 5). High-throughput 

sequencing was performed on paired-end reads using NovaSeq6000. The 
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transcript per million values was processed for principal component 

analysis (PCA), unsupervised hierarchically clustered heat map 

generation, and a gene set enrichment analysis.

The PCA and heat maps identified global differences between the fat 

graft model and the non-grafted control transcriptomes. Mechanistically, 

the glycolytic pathway was upregulated in the fat graft model on days 

3 (false discovery rate [FDR]: q = 0.012) and 7 (FDR: q = 0.084). In 

subsequent experiments, pharmacological inhibition of the glycolytic 

pathway with 2-deoxy-D-glucose (2-DG) in the fat graft model 

significantly suppressed fat graft retention rates grossly and 

microscopically (n = 5). 

Free adipose tissue grafts undergo metabolic reprogramming toward the 

glycolytic pathway. Future studies should examine whether targeting 

this pathway enhances the graft survival rate.
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지방이식의 생존을 위한 대사적 리프로그래밍

이 강 희

계명대학교 대학원

의학과 성형외과학 전공

(지도교수 조 태 희)

(초록)

자가 지방 이식은 미용 및 재건 수술에서 결손을 채우기 위한 천연 필러로 많이

사용된다. 하지만, 지방 이식이 어떻게 살아남는지에 대한 메커니즘은 아직

명백히 밝혀진 바가 없다. 우리는 자가 지방 이식 생존의 분자적 메커니즘을

확인하기 위해 마우스 모델에서 비편향적인 전사체 분석을 시행하였다.

마우스의 피하지방층에 자가 지방을 이식하고 3일과 7일 뒤, 이를 채취하여 RNA 

시퀀싱을 시행하였다. NovaSeq6000을 이용하여 대용량 시퀀싱을 시행하였고,

TPM(transcript per million)으로 정규화 후 주성분 분석, 히트맵, GSEA(gene set 

enrichment analysis)을 이용하여 데이터를 분석하였다.

주성분분석과 히트맵 결과, 이식측과 비이식측간의 전반적인 차이를 보였다.

GSEA에서 이식측에서 비이식측에 비해 해당 과정이 유의미하게 상향 조절
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되어있었다. 이어서 시행한 약물실험에서, 2-Deoxy-D-glucose로 해당과정을

억제한 이식 편의 생존이 유의하게 억제된 것으로 나타났다.

따라서, 자가 지방 이식은 이식 후 해당과정으로의 대사적 리프로그래밍을 겪는

다는 사실을 밝혀냈고, 이 과정을 이용하여 지방 이식의 생존율을 높이는 것에

대한 추가적인 연구가 필요할 것으로 생각한다.



Figure 1. Mouse autologous free fat graft models were used. (A) Inguinal adipose tissue was 

harvested at left side with a 1.5-cm midline incision at abdomen. (B) About 100mg inguinal 

adipose tissue was harvested.

Figure 2. Experimental schematics shows how fat graft and local injection were done. (A) A 

schematic for comparative transcriptomic analysis of free fat grafts. Left inguinal adipose 

tissues were grafted in situ and compared with the right inguinal adipose tissues on days 

3 and 7 after grafting. (B) A schematic for 4-week 2-Deoxy-D-glucose (2-DG) and glucose 

injections in a mouse fat graft model. Phosphate-buffered saline (PBS) injections were used 

as the control.



3-day 1 2 3 4 5

Control group 0.100 0.096 0.089 0.092 0.069

Graft group

(After grafting)

0.111 0.103 0.111 0.143 0.133

Graft group

(Before Grafting) 

0.092 0.093 0.099 0.117 0.118

7-day 6 7 8 9 10

Control group 0.090 0.090 0.102 0.085 0.082

Graft group

(After grafting) (

0.120 0.137 0.156 0.108 0.113

Graft group

(Before Grafting) 

0.107 0.102 0.119 0.100 0.130

Table 1. Weights of adipose tissue in each group at 3-and 7-day after grafting. Weights 

shown in grams (g).

Figure 3. Weights of adipose tissue after 3-and 7-day grafting were significantly increased. 

(A) 3-day after graft (B) 7-day after graft. *p < 0.05 between indicated group. Data are 

presented as means ± standard errors of the mean.



Figure 4. Non-vascularized fat grafts demonstrate distinctive transcriptomic patterns. (A) 

Principal component analysis(PCA) of the RNA-sequencing data from control, 3-day, and 7-day 

grafts (n = 5 per group), which describes 33.5% and 13.8% of the variability within the 

expression data set and shows global difference between two groups. (B) Free fat graft RNA-

sequencing data heat maps show distinctive gene expression patterns compared with those of 

the control adipose tissues. The z-score scale bar represents relative expression ±2 SD 

from the mean.

Figure 5. Non-vascularized fat grafts show transcriptional induction of glycolysis-related 

genes. Gene set enrichment analysis (GSEA) and heat maps of the top 20 upregulated genes 

for glycolysis on both day 3 (A) and day 7 (B). TNF-α, tumor necrosis factor α; NFκb, 

nuclear factor κb; IL-6, interleukin 6; JAK-STAT, Janus kinase-signal transducer and 

activator of transcription; UV, ultraviolet; NES, normalized enrichment score; FDR, false 

discovery rate. 



Figure 6. Control adipose tissues show upregulation of fatty acid metabolism-related genes. 

Gene set enrichment analysis (GSEA) results and heat maps of the top 20 upregulated genes 

for fatty acid metabolism in control fat compared with those of 3-day (A) and 7-day (B) 

grafts. NES, normalized enrichment score; FDR, false discovery rate.

Figure 7. Adipocyte use glucose and fatty acid as energy source. Glucose metabolized by 

glycolysis pathway generates ATP. 2-Deoxy-D-glucose (2-DG) which has the 2-hydroxyl group

replaced by hydrogen can competitively inhibit glycolysis. Mpc, mitochondria pyruvate 

carrier; Cpt, carnitine palmitoyltransferase; Agc, aspartate-glutamate carrier



Figure 8. Localized injection in fat grafts does not affect whole-body metabolism. (A) Mouse 

weight tracking during the 4-week injection period (n = 5) indicated comparable weights. 

(B) Weights of mouse show no significant difference between three groups at the point of 

tissue harvest. Data are presented as means ± standard errors of the mean. PBS, phosphate-

buffered saline; 2-DG, 2-Deoxy-D-glucose.

PBS group 1 2 3 4 5

Control side 0.136 0.162 0.132 0.102 0.157

Graft side 0.071 0.089 0.103 0.084 0.125

Before grafting 0.092 0.119 0.107 0.100 0.095

Glucose group 6 7 8 9 10

Control side 0.119 0.149 0.120 0.123 0.131

Graft side 0.085 0.135 0.084 0.109 0.099

Before grafting 0.117 0.119 0.088 0.077 0.112

2-DG group 11 12 13 14 15

Control side 0.109 0.175 0.132 0.119 0.104

Graft side 0.057 0.089 0.057 0.061 0.063

Before grafting 0.094 0.123 0.087 0.084 0.123

Table 2. phosphate-buffered saline (PBS) (2-DG) (A) PBS group (B) Glucose group (C) 2-DG 

group. Weights shown in grams (g).



Figure 9. Glycolysis inhibition in fat grafts reduces the graft retention rate. Comparative 

analysis shows significant decrease in the weight of after grafting adipose tissue in 2-

Deoxy-D-glucose (2-DG) group than phosphate-buffered saline (PBS) group. In glucose group, 

the weight of after grafting adipose tissue increased than other groups. *p < 0.05 between 

indicated group. Data are presented as means ± standard errors of the mean.

Figure 10. Pharmacological glycolysis regulation in fat grafts affects graft retention rates. 

Gross appearances of the 4-week phosphate-buffered saline (PBS), glucose and 2-Deoxy-D-

glucose (2-DG) injected tissues after fat grafting (n = 5) show more decreased size of 

grafted adipose tissue in 2-DG groups.



Figure 11. Glycolysis inhibition in fat grafts reduces marginal adipocyte survival. 

Hematoxylin and eosin (H&E) (above) and perilipin (below) staining of fat graft tissue after 

4 weeks of phosphate-buffered saline (PBS) or 2-Deoxy-D-glucose (2-DG) injections. 2-DG 

group shows more fibrosis and lipid vacuoles with low perilipin staining than PBS group. 

Scale bars: 200 μm for H&E and 25 μm for perilipin staining.
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