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Abstract. – OBJECTIVE: In this study, we 
evaluated the metabolomic profiling of cryopre-
served Lipogems® tissue products and the ini-
tial lipoaspirates before microfracturing, to de-
termine altered metabolites that could result 
from the non-enzymatic processing or the cryo-
preservation method.

MATERIALS AND METHODS: Human Li-
poaspirate samples (n=10) were divided in two 
aliquots, of which one was non-processed and 
the other was processed by Lipogems® device. 
Non-processed lipoaspirates and Lipogems® 
processed tissues were stored at -80°C fresh 
frozen (N=3 per group) or in the presence of 0.5 
M dimethyl sulfoxide (DMSO) (N=7 per group). A 
global non-targeted metabolic profile on these 
samples was performed. 

RESULTS: Differences were observed in car-
bohydrate and nucleotide metabolism. These 
alterations translated in long chain and poly-
unsaturated fatty acid levels and amino acid 
metabolites showed divergent trends. When Li-
pogems® and Lipoaspirate tissue products were 
cryopreserved with DMSO, amino acids tended 
to increase in Lipogems® product. However, 
in the absence of DMSO aminoacids and their 
catabolites, tended to decrease in Lipogems® 
fat tissue product.

CONCLUSIONS: Microfractured human adi-
pose tissue has been shown to provide a more 
effective source of adult stromal cells compared 
to the initial lipoaspirated tissue material. These 
could be, according to our findings, due to the 
changes in the metabolic profile of lipoaspirate 
tissues products. 
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Introduction

Human adipose tissue it is known to be a 
significant reservoir of human adipose-derived 
mesenchymal stromal cells (hADSCs)1. hADSCs 

have a strong paracrine potential2-4, which could 
favor native tissue regeneration and repair, mak-
ing them a suitable option for regenerative cell-
based therapies5,6,7.

Among mesenchymal stromal cell sources, li-
poaspirated adipose tissue is an ideal source because 
of its relative abundance and easy access compared 
to other sources8. Adipose tissue could also be 
banked and then used at future times for clinical ap-
plications8,9. Cryopreservation can be done with or 
without the addition of cryoprotective agents such 
as dimethyl sulphoxide (DMSO)10. To avoid some 
of the regulatory complexity and cost associated 
with enzymatically processed adipose tissue prod-
ucts and their ex-vivo expanded hADSCs, novel 
minimal manipulated adipose tissue products have 
been developed11,12. Mechanical methods provide a 
low cost, rapid and simple alternative to the use of 
enzymes for adipose tissue processing. Microfrag-
mented lipoaspirates prepared using the Lipogems® 
system are enriched in hADSCs and pericytes13,14 
and have been successfully used clinically for sev-
eral regenerative medicine applications15-18.

In the present study, we investigated the effect 
of microfracturing adipose tissue from lipoaspi-
rates and the effect of the use of DMSO in the 
cryopreservation procedure on the respective me-
tabolomic profiles.

Materials and Methods

Ethics Statement
This study was approved by the Institutional 

Review Board (IRB) of the University of Miami. 
Subjects were enrolled at Top Body Sculpting 
Rejuvenation Center (Weston, FL, USA) upon 
previous informed consent signature. All speci-
mens were negative for HIV (Human Immunode-
ficiency Virus 1 and 2), HCV (Hepatitis C Virus), 
HBV (Hepatitis B Virus) and cytomegalovirus.
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Sample Collection and Processing
10 human adipose tissue samples were obtained 

from elective liposuction procedures under local 
anesthesia (Table I). Lipoaspirates were divided in 
two aliquots, of which one was non-processed and 
the other was processed by Lipogems® device as 
previously described12 by the Lipogems® system, 
a non-enzymatic processing method consisting in 
a two step tissue cluster reduction which includes 
an emulsification step for reduction of oil and 
blood residues. Non-processed lipoaspirates and 
Lipogems® processed tissues were stored at -80°C 
fresh frozen (N=3 per group) or in the presence 
of 0.5 M dimethyl sulfoxide (DMSO) (N=7 per 
group) in alpha-MEM supplemented with 10% 
fetal bovine serum (FBS).

Metabolomic Analysis

Metabolite Analysis
The untargeted metabolomics profiling of li-

poaspirate and Lipogems® tissues stored in the 
0.5M DMSO absence or fresh frozen tissues was 
performed by Metabolon (Durham, NC, USA), 
according to published methods19,20.

Sample Preparation
Samples were thawed only once and prepared 

using the automated MicroLab STAR® system from 
Hamilton Company (Reno, NV, USA). Several re-
covery standards were added prior to the first step 
in the extraction process for quality control (QC) 
purposes. To remove protein, dissociate small mol-
ecules bound to protein or trapped in the precip-
itated protein matrix, and to recover chemically 
diverse metabolites, proteins were precipitated with 
methanol under vigorous shaking for 2 min (Glen 
Mills GenoGrinder 2000, OPS Diagnostics, NJ, 

USA) followed by centrifugation. The resulting 
extracted samples were dried and then reconstitut-
ed in solvents compatible to each of the following 
methods. Samples were divided into five fractions: 
two for analysis by two separate reverse phase (RP)/
UPLC-MS/MS methods with positive ion mode 
electrospray ionization (ESI), one for analysis by 
RP/UPLC-MS/MS with negative ion mode ESI, 
one for analysis by HILIC/UPLC- MS/MS with 
negative ion mode ESI, and one sample was re-
served for backup. Samples were placed briefly on a 
TurboVap® (Zymark) to remove the organic solvent. 
The sample extracts were stored overnight under 
nitrogen before preparation for analysis.

Ultrahigh Performance Liquid 
Chromatography-Tandem Mass 
Spectroscopy (UPLC-MS/MS)

All methods utilized a Waters ACQUITY ul-
tra-performance liquid chromatography (UPLC) 
and a Thermo Scientific Q-Exactive high resolu-
tion/accurate mass spectrometer interfaced with 
a heated electrospray ionization (HESI-II) source 
and Orbitrap mass analyzer operated at 35,000 
mass resolution. The sample extract was dried 
and then reconstituted in solvents compatible to 
each of the four methods. Each reconstitution 
solvent contained a series of standards at fixed 
concentrations to ensure injection and chromato-
graphic consistency. One aliquot was analyzed 
using acidic positive ion conditions, chromato-
graphically optimized for more hydrophilic com-
pounds. In this method, the extract was gradient 
eluted from a C18 column (Waters UPLC BEH 
C18- 2.1x100 mm, 1.7 µm) using water and meth-
anol, containing 0.05% perfluoropentanoic acid 
(PFPA) and 0.1% formic acid (FA). Another ali-
quot was also analyzed using acidic positive ion 
conditions; however, it was chromatographically 
optimized for more hydrophobic compounds. In 
this method, the extract was gradient eluted from 
the same afore mentioned C18 column using 
methanol, acetonitrile, water, 0.05% PFPA and 
0.01% FA and was operated at an overall higher 
organic content. Another aliquot was analyzed 
using basic negative ion optimized conditions 
using a separate dedicated C18 column. The basic 
extracts were gradient eluted from the column 
using methanol and water, however with 6.5 
mM ammonium bicarbonate at pH 8. The fourth 
aliquot was analyzed via negative ionization fol-
lowing elution from a HILIC column (Waters 
UPLC BEH Amide 2.1x150 mm, 1.7 µm) using 
a gradient consisting of water and acetonitrile 

Table I. Subjects Information.

Sample	 Age	 Gender	 Height	 Weight
			   (ft, in)	  (lbs)

Donor 1	 26	 Female	 5’3”	 148
Donor 2	 26	 Female	 5’3”	 145
Donor 3	 29	 Female	 5’1”	 132
Donor 4	 33	 Female	 5’0”	 151.6
Donor 5	 53	 Female	 5’5”	 234
Donor 6	 33	 Female	 5’7”	 156.2
Donor 7	 42	 Female	 5’5”	 251
Donor 8	 25	 Female	 4’1”	 130.2
Donor 9	 30	 Female	 5’4”	 120
Donor 10	 21	 Female	 5’4”	 120
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with 10 mM ammonium formate, pH 10.8. The 
MS analysis alternated between MS and data-de-
pendent MSn scans using dynamic exclusion. 
The scan range varied slighted between methods 
but covered 70-1000 m/z. Raw data files were 
archived and extracted as described below.

Data Extraction and Compound 
Identification

Raw data was extracted, peak-identified and 
QC processed using Metabolon’s hardware and 
software. These systems are built on a web-ser-
vice platform utilizing Microsofts NET technol-
ogies, which run on high-performance application 
servers and fiber-channel storage arrays in clus-
ters to provide active failover and load-balancing. 
Compounds were identified by comparison to li-
brary entries of purified standards or recurrent 
unknown entities. Metabolon maintains a library 
based on authenticated standards that contain the 
retention time/index (RI), mass to charge ratio 
(m/z), and chromatographic data (including MS/
MS spectral data) on all molecules present in the 
library. Furthermore, biochemical identifications 
are based on three criteria: retention index within a 
narrow RI window of the proposed identification, 
accurate mass match to the library ± 10 ppm, and 
the MS/MS forward and reverse scores between 
the experimental data and authentic standards. The 
MS/MS scores are based on a comparison of the 
ions present in the experimental spectrum to the 
ions present in the library spectrum. Peaks were 
quantified using area-under-the-curve. For studies 
spanning multiple days, a data normalization step 
was performed to correct variation resulting from 
instrument inter-day tuning differences. Essen-
tially, each compound was corrected in run-day 
blocks by registering the medians to equal one 
(1.00) and normalizing each data point propor-
tionately.

Data analysis
Data were elaborated by using the random 

forest (RF) analysis, developed by Breiman21. 
For a given decision tree, a random subset of the 
data with identifying true class information is 
selected to build the tree (“bootstrap sample” or 
“training set”), and then the remaining data, the 
“out-of-bag” (OOB) variables, are passed down 
the tree to obtain a class prediction for each 
sample. The final classification of each sample 
is determined by computing the class prediction 
frequency (“votes”) for the OOB variables over 
the whole forest. To determine which variables 

(biochemicals) make the largest contribution to 
the classification, a “variable importance” mea-
sure is computed. We use the “Mean Decrease 
Accuracy” (MDA) as this metric. The MDA is 
determined by randomly permuting a variable, 
running the observed values through the trees, 
and then reassessing the prediction accuracy.

Principal component analysis (PCA) was per-
formed on the 409 log-transformed metabolites 
to provide a high-level overview of variation in 
the dataset. Component scores were calculated by 
using the standardized scoring coefficient.

To visualize interaction networks and bio-
logical pathways of the significant metabolites, 
we utilized Cytoscape (http://cyto- scape.org), an 
open source software platform22.

Statistical Analysis
Statistical analysis of log-transformed data 

was performed using “R” version 2.14 (http://
cran.r-project.org/), which is a freely available, 
open-source software package.

Following log transformation and imputation of 
missing values, if any, with the minimum observed 
value for each compound, Welch’s two-sample 
t-test was used to identify biochemicals that dif-
fered significantly between experimental groups. 
Multiple comparisons were accounted for by es-
timating the false discovery rate (FDR) using 
q- values. Biochemicals were considered statis-
tical significance when p-value ≤ 0.05 and those 
approaching significance 0.05<p-value<0.10 were 
considered to have trending changes.

Results

Metabolic Data overview
Following data acquisition and curation of a 

409 compounds (named biochemicals) were iden-
tified. Following log transformation and impu-
tation of values below the level of detection, if 
any, with the minimum observed value for each 
compound, Welch’s two- sample t-test was used 
to identify biochemicals that differed significant-
ly between no DMSO and DMSO groups. In 
Lipoaspirate no DMSO vs. Lipoaspirate DMSO, 
the levels of 201 biochemicals were significantly 
different between no DMSO and DMSO groups 
(p-value<0.05), 173 biochemicals were increased 
and 28 decreased. In Lipogems® no DMSO and 
Lipogems® DMSO 242 biochemicals were signifi-
cantly different between no DMSO and DMSO 
groups (p<0.05), 209 biochemicals were increased 
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and 33 decreased. In addition, there were a sim-
ilar number of biochemicals which demonstrated 
a trend (0.05<p-value<0.10) toward significance 
in these analyses (Table II). Matched pairs t-test 
was used to identify biochemicals that differed 
significantly between Lipoaspirate and Lipogems® 
groups. In Lipoaspirate DMSO vs. Lipogems® 
DMSO the levels of 246 biochemicals were differ-
ent between Lipoaspirate and Lipogems® groups 
(p-value < 0.05), 95 biochemicals were increased 
and 151 decreased. In Lipoaspirate no DMSO 
vs. Lipogems® no DMSO 112 biochemicals were 
significantly different between Lipoaspirate and 
Lipogems® groups (p-value<0.05), 1 biochemical 
was increased and 111 decreased. In addition, 
there were a similar number of biochemical, which 
achieved a trend value (0.05<p-value<0.10) toward 
significance in these analyses (Table II).

In the Principal Component Analysis (PCA) 
(which gives a value to each biochemical to show 
contributions to the Component scores) (Figure 1 
A) Component 1 is correlated with the presence or 
absence of DMSO, suggesting this was the greatest 
source of variation in the dataset. Component 2 
separated between Lipoaspirate and Lipogems®, 
which may reflect differences due to the microf-
racturing process. In the hierarchical clustering 
analysis (HCA) (Figure 1 C), which assesses sample 
similarity, samples tended to cluster well, with the 
top-level split in the dendrogram separating be-
tween DMSO and fresh frozen samples. The PCA 
Loadings plot (Figure 1B) separates the biochemi-
cals separating groups in the PCA. Lipids tended to 

move northward in the loadings plot, which could 
suggest enrichment in the lipoaspirate samples. 
Enrichment for the vascular niche (and associated 
Mesenchymal stem cells) may lead to loss of adi-
pocytes from the sample, which could be consistent 
with declines in lipid metabolites. However, lipids 
tended to move rightward in Component 1, which 
could reflect DMSO function as detergent. Several 
xenobiotics and nucleotide metabolites (adenine and 
uridine) also showed changes associated with pro-
cessing; changes in carbohydrate metabolites (e.g., 
3-phosphoglycerate) were also observed.

Carbohydrate Metabolism
Glucose can be utilized to support a variety of 

physiological processes, including energy gener-
ation, fatty acid synthesis, protein glycosylation, 
and nucleotide biogenesis. Metabolomic profiling 
revealed in No DMSO fresh frozen Lipogems® 
vs. Lipoaspirate, glucose and related products 
(e.g., 3-phosphoglycerate, phosphoenolpyruvate) 
a decreased, which could suggest high demand 
for use. However, the glycolytic end- products py-
ruvate and lactate were not significantly changed, 
but did show a non- significant decline. A similar 
phenotype was also observed in DMSO samples 
Lipogems® vs. Lipoaspirate; however, signs of 
increased glucose availability (increases in glu-
cose, fructose and an isobar of mannitol/sorbi-
tol) with increases in pyruvate and lactate were 
also observed, which could suggest changes in 
energy demand in this comparison. NAD+ and 
related metabolites (e.g., 1-methylnicotinamide, 

Table II. Summary of biochemical alterations induced by adipose microfracturing from a total of 409 named biochemicals identified.

Statistical Comparisons

Welch's Two-Sample t-Test	 No DMSO Lipogems® vs.	 No DMSO Lipoaspirate vs.
	 DMSO Lipogems®	 DMSO Lipoaspirate

Total biochemicals p ≤ 0.05	 242	 201
Biochemicals
(↑↓)	 33 | 209	 28 | 173
Total biochemicals 0.05<p<0.10	 29	 40
Biochemicals
(↑↓)	 15 | 14	 19 | 21

Matched Pairs t-Test	 DMSO Lipogems® vs	 No DMSO Lipogems® vs.No
	 DMSO Lipoaspirate	 DMSO Lipoaspirate

Total biochemicals p ≤ 0.05	 246	 112
Biochemicals
(↑↓)	 95 | 151	 1 | 111
Total biochemicals 0.05<p<0.10	 34	 25
Biochemicals
(↑↓)	 18 | 16	 2 | 23
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N1-methyl-2-pyridon-5- carboxamide) decreased 
in DMSO and No DMSO, Lipogems® vs. Li-
poaspirate comparison, consistent with increased 
glycolytic use (Figure 2).

Lipid Metabolism
Fatty acids are a critical source of energy 

for mitochondrial oxidation and cellular ATP 
generation (in addition to being precursors for 
phospholipids and storage lipids). Long- chain 
(e.g., palmitate, palmitoleate, margarate) and 
polyunsaturated (e.g., linoleate, linolenate) fatty 
acids tended to decline in Lipogems® compared 
to Lipoaspirate (both DMSO and Non-DMSO 
fresh frozen tissue), which could suggest chang-
es in use to support energetics (or biosynthetic 
demand). Long-chain fatty acids must be conju-
gated to carnitine for efficient transport across 
the mitochondrial membrane; acylcarnitines al-
so tended to decrease, though not all observed 
changes achieved significance, which could sug-
gest changes in lipid oxidation. However, the 
ketone body 3-hydroxybutyrate (BHBA) was not 
significantly changed – curiously, ketone bodies 
were not observed in No DMSO-treated sam-
ples, which could suggest DMSO altered use (or 

uptake/generation) of ketone bodies. Complex 
lipids (e.g., 1,2-dipalmitoyl-GPC), plasmalogens 
(e.g., 1-(1-enyl-palmitoyl)-2-oleoyl-GPE), sphin-
golipids (e.g., N-palmitoyl-sphinganine) and ce-
ramides also tended to decrease in DMSO (Post 
Pre). Subtle declines in many of these classes in 
No DMSO (Lipogems® vs. Lipoaspirate) did not 
achieve significance (which may reflect decreased 
power in these comparisons compared to DM-
SO-treated comparisons) (Figure 3).

TCA Cycle
Carbon can flow into the TCA cycle from a 

number of sources, including carbohydrates and 
lipids (via conversion of acetyl-CoA to citrate), 
glutamine (entering as alpha- ketoglutarate), and 
branched-chain amino acids (entering as citrate and 
succinyl-CoA). Declines in citrate in No DMSO 
fresh frozen (Lipogems® vs. Lipoaspirate) could be 
consistent with increased acetyl CoA demand (or 
possibly limiting input from glycolysis), with de-
clines in malate also observed. DMSO (Lipogems® 
vs. Lipoaspirate) did not show a similar trend; 
however, increases in aconitate [cis or trans] may 
be consistent with declining energy demand (which 
was also reflect in glycolytic metabolites) (Figure 4).

Figure 1. Statistical analysis of metabolomics results separate Lipoaspirate and Lipogems® and DMSO and non-DMSO-treat-
ed samples. (A) Principal component analysis (PCA) separates the samples when plotted against the first two principal compo-
nents. (B) PCA loadings plot separates the groups in the PCA (C) Hierarchical clustering analysis (HCA) separated the samples 
between DMSO and non-DMSO-treated samples.
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Figure 2. Carbohydrate metabolism. Glycolytic use is increased in microfractured adipose tissue Lipogems® samples com-
pared to non-microfractured Lipoaspirate adipose tissue. The y-axis for glucose is plotted on a log-scale to better show popu-
lation distributions in the box plot.

Figure 3. Lipid metabolism. Fatty acids are decline in in microfractured adipose tissue Lipogems samples compared to 
non-microfractured Lipoaspirate adipose tissue.
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Changes in Amino Acid 
Metabolism/Availability

Amino acid metabolites tended to show diver-
gent trends in the DMSO-treated and non- DMSO 
fresh frozen comparisons. In the DMSO-treated 
comparison (DMSO, Lipogems® vs. Lipoaspi-
rate), amino acids (e.g., Gly, Ser, Ala, Glu, Gln, 
His) and their catabolite tended to increase. How-
ever, in the non-DMSO fresh frozen comparison 
(No DMSO, Lipogems® vs. Lipoaspirate), amino 
acids and their catabolites tended to decline as 
a class. Changes in amino acid metabolites can 
reflect differences in biosynthetic demand when 
considered together, with patterns associated 
with declining energy demand above (Table III).

Bile Acids
Primary and secondary bile acids tended to 

increase as a class in DMSO (Lipogems® vs. 
Lipoaspirate); interestingly, these biochemicals 
were below the threshold of detection in non-DM-
SO fresh frozen samples. DMSO has been shown 
to increase membrane permeability, which may 
aid transport of bile acids (or potentially enhance 
extraction from cells during processing).

Nucleotide Metabolism
Declines in purine catabolites (e.g., hypox-

anthine, xanthine) could suggest changes in 
nucleotide demand (no DMSO, Lipogems® vs. 
Lipoaspirate); adenine was also elevated, with 
a non-significant increase in adenosine (and a 
subtle, non-significant decline in AMP), consis-
tent with increased demand. Pyrimidine metab-
olites showed similar changes, with a decline 
in orotidine, uridine and uracil consistent with 
increased demand. Declining nucleotide avail-
ability may reflect increased transcriptional use 
(e.g., activation of stress-responsive pathways) or 
proliferative demand.

Discussion

Mesenchymal stromal cells (MSCs) have the 
capacity to differentiate in-vitro into a variety of 
cell types, and have paracrine properties that can 
assist tissue regeneration and repair, which make 
them of great interest for regenerative medicine 
applications1,5.

Figure 4. TCA cycle. The y-axis in citrate is plotted against a log-scale to better show population distribution.
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Continued

Table III. Amino Acids showed divergent trends. Red and green shaded cells indicate p≤0.05 (red indicates that the mean values 
are significantly higher for that comparison; green values significantly lower). Light red and light green shaded cells indicate 
0.05<p<0.10 (light red indicates that the mean values trend higher for that comparison; light green values trend lower).

Pathway	 Biochemical	 DMSO	 No DMSO	 No DMSO	 No DMSO	
	 Name	 Lipogems	 Lipogems	 Lipoaspirate	 Lipogems	
		  DMSO	 No DMSO	 DMSO	 DMSO
		  Lipoaspirate	 Lipoaspirate	 Lipoaspirate	 Lipogems	

Glycine, Serine	 G glycine	 1.25	 0.34	 0.17	 0.05
  and Threonine	 N-acetylglycine	 1.70	 0.93	 0.68	 0.42
  Metabolism	 dimethylglycine	 1.47	 1.00	 0.56	 0.40
	 betaine	 1.27	 0.36	 0.16	 0.04
	 serine	 1.25	 0.37	 0.28	 0.08
	 N-acetylserine	 0.97	 0.45	 0.82	 0.37
	 threonine	 1.34	 0.30	 0.11	 0.02
	 N-acetylthreonine	 1.49	 0.69	 0.27	 0.11

Alanine and	 alanine	 1.28	 0.28	 0.07	 0.02
  Aspartate	 N-acetylalanine	 0.99	 0.82	 0.49	 0.40
  Metabolism	 aspartate	 1.26	 0.53	 0.13	 0.06
	 N-acetylaspartate (NAA)	 1.39	 0.56	 0.70	 0.51
	 asparagine	 1.29	 0.24	 0.15	 0.03
	 N-acetylasparagine	 1.42	 1.00	 0.69	 0.51

Glutamate	 glutamate	 1.25	 0.22	 0.16	 0.03
  Metabolism	 glutamine	 1.38	 0.15	 0.03	 0.00
	 N-acetylglutamate	 0.62	 0.80	 1.02	 1.11
	 N-acetylglutamine	 1.59	 1.00	 0.53	 0.36
	 4-hydroxyglutamate	 1.49	 1.00	 0.75	 0.53
	 glutamate, gamma-methyl ester	 1.06	 1.00	 0.58	 0.55
	 pyroglutamine*	 1.36	 0.22	 0.57	 0.10
	 beta-citrylglutamate	 0.43	 0.32	 0.66	 0.42

Histidine	 histidine	 1.46	 0.19	 0.11	 0.01
  Metabolism	 1-methylhistidine	 1.60	 1.00	 0.52	 0.33
	 3-methylhistidine	 1.51	 1.00	 0.49	 0.36
	 N-acetylhistidine	 1.41	 1.00	 0.79	 0.57
	 hydantoin-5-propionic acid	 1.51	 1.00	 0.58	 0.40
	 trans-urocanate	 1.23	 0.84	 0.36	 0.26
	 imidazole propionate	 1.32	 1.00	 0.68	 0.55
	 imidazole lactate	 1.42	 0.83	 0.85	 0.50
	 carnosine	 1.54	 1.00	 0.51	 0.34
	 histamine	 0.56	 0.91	 0.40	 0.58
	 1-methylimidazoleacetate	 0.77	 0.32	 0.51	 0.20
	 4-imidazoleacetate	 0.44	 0.16	 0.66	 0.24

Lysine Metabolism	 lysine	 1.32	 0.38	 0.17	 0.05
	 N6,N6,N6-trimethyllysine	 1.61	 0.84	 0.04	 0.02
	 5-hydroxylysine	 1.51	 1.00	 0.42	 0.29
	 5-(galactosylhydroxy)-L- lysine	 1.18	 0.92	 0.27	 0.21
	 2-aminoadipate	 1.27	 0.57	 0.39	 0.18
	 glutarate (pentanedioate)	 1.30	 1.16	 0.18	 0.17
	 pipecolate	 1.06	 0.66	 0.64	 0.47
	 6-oxopiperidine-2- carboxylate	 1.45	 1.00	 0.58	 0.42

Phenylalanine and	 phenylalanine	 1.32	 0.34	 0.13	 0.03
  Tyrosine	 N-acetylphenylalanine	 1.48	 1.00	 0.78	 0.54
  Metabolism	 tyrosine	 1.37	 0.34	 0.14	 0.04
	 N-acetyltyrosine	 1.24	 1.00	 0.76	 0.62
	 3-(4-hydroxyphenyl)lactate	 1.35	 1.00	 0.11	 0.08
	 phenol sulfate	 0.84	 0.19	 0.62	 0.15
	 p-cresol sulfate	 0.98	 0.43	 0.20	 0.03
	 o-Tyrosine	 1.21	 1.00	 0.82	 0.70
	 N-formylphenylalanine	 1.38	 1.00	 0.44	 0.34
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Continued

Table III. Amino acids showed divergent trends. Red and green shaded cells indicate p≤0.05 (red indicates that the mean values 
are significantly higher for that comparison; green values significantly lower). Light red and light green shaded cells indicate 
0.05<p<0.10 (light red indicates that the mean values trend higher for that comparison; light green values trend lower).

Pathway	 Biochemical	 DMSO	 No DMSO	 No DMSO	 No DMSO	
	 Name	 Lipogems	 Lipogems	 Lipoaspirate	 Lipogems	
		  DMSO	 No DMSO	 DMSO	 DMSO
		  Lipoaspirate	 Lipoaspirate	 Lipoaspirate	 Lipogems	

Tryptophan	 tryptophan	 1.36	 0.23	 0.14	 0.02
  metabolism	 3-indoxyl sulfate	 0.96	 0.72	 0.65	 0.42
	 indolelactate	 1.57	 1.00	 0.48	 0.32
	 kynurenine	 1.14	 0.44	 0.27	 0.05
	 kynurenate	 1.41	 1.00	 0.75	 0.54
	 5-hydroxyindoleacetate	 1.66	 1.00	 0.68	 0.42
	 C-glycosyltryptophan	 1.18	 1.00	 0.58	 0.49

Leucine, Isoleucine	 leucine	 1.30	 0.36	 0.13	 0.04
  and Valine	 N-acetylleucine	 1.82	 1.00	 0.96	 0.54
  metabolism	 4-methyl-2-oxopentanoate	 0.77	 0.83	 0.37	 0.57
	 isovalerylglycine	 1.60	 1.00	 0.25	 0.20
	 isovalerylcarnitine (C5)	 0.31	 0.15	 0.67	 0.52
	 beta-hydroxyisovalerate	 1.18	 1.00	 0.49	 0.44
	 3-methylglutaconate	 1.49	 1.00	 0.79	 0.54
	 isoleucine	 1.36	 0.40	 0.05	 0.02
	 N-acetylisoleucine	 1.90	 1.00	 0.53	 0.31
	 3-methyl-2-oxovalerate	 0.69	 0.94	 0.42	 0.59
	 alpha-hydroxyisovalerate	 1.13	 1.00	 0.45	 0.41
	 2-methylbutyrylcarnitine (C5)	 0.98	 1.00	 0.78	 0.84
	 2-methylbutyrylglycine	 1.38	 1.00	 0.60	 0.45
	 ethylmalonate	 1.57	 1.00	 0.74	 0.47
	 methylsuccinate	 1.44	 1.02	 0.08	 0.06
	 valine	 1.34	 0.18	 0.11	 0.01
	 isobutyrylcarnitine (C4)	 1.36	 0.68	 0.14	 0.06
	 3-hydroxyisobutyrate	 1.64	 1.00	 0.80	 0.52

Methionine, 	 methionine	 1.28	 0.54	 0.20	 0.09
  Cysteine, SAM	 N-acetylmethionine	 0.65	 0.63	 0.69	 0.69
  and Taurine	 methionine sulfone	 1.62	 1.00	 0.68	 0.42
  metabolism	 methionine sulfoxide	 1.40	 0.76	 0.10	 0.05
	 cystathionine	 1.30	 1.00	 0.57	 0.43
	 cysteine	 1.30	 0.12	 0.08	 0.01
	 S-methylcysteine	 0.94	 0.85	 0.19	 0.17
	 cysteine s-sulfate	 1.81	 1.00	 0.40	 0.24
	 cystine	 1.64	 0.78	 0.02	 0.01
	 cysteine sulfinic acid	 1.35	 0.88	 0.11	 0.07
	 hypotaurine	 0.94	 0.68	 0.53	 0.34
	 taurine	 0.28	 0.20	 2.15	 1.53
	 N-acetyltaurine	 1.43	 1.00	 0.06	 0.04
	 2-hydroxybutyrate/2-hydroxyisobutyrate	 1.20	 0.70	 0.50	 0.31

Urea cycle; 	 arginine	 1.34	 0.44	 0.15	 0.05
  Arginine and	 urea	 1.24	 0.50	 0.30	 0.11
  Proline	 ornithine	 1.40	 0.34	 0.14	 0.03
  Metabolism	 2-oxoarginine*	 1.58	 1.00	 0.68	 0.45
	 citrulline	 1.24	 0.29	 0.21	 0.05
	 homoarginine	 1.57	 1.00	 0.64	 0.42
	 proline	 1.28	 0.22	 0.12	 0.02
	 dimethylarginine (SDMA + ADMA)	 1.15	 0.89	 0.26	 0.20
	 N-acetylarginine	 1.66	 1.00	 0.41	 0.28
	 N-delta-acetylornithine	 1.31	 1.00	 0.32	 0.27
	 trans-4-hydroxyproline	 1.27	 0.14	 0.09	 0.01
	 pro-hydroxy-pro	 1.45	 1.00	 0.52	 0.36
	 N-methylproline	 1.39	 1.00	 0.70	 0.51
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Several groups have suggested that adipose 
tissue may be an ideal source for MSCs, though 
methods of isolation involve extensive ex-vivo 
processing23 (e.g., enzymatic digestion and expan-
sion), which can affect differentiation potential 
and limit mulitipotency11. Recently, Lipogems® 
International has introduced a protocol to obtain 
microfragmented adipose tissue products with in-
tact stromal vascular niches (which may maintain 
hADSCs multipotency). Lipogems processing sig-
nificantly reduces contaminating blood, removes 
lipids and other cytosolic components resulting 
from damage to the tissue during collection of 
the lipoaspirates and results in a microfractured 
tissue enriched in stem cells and pericytes com-
pared with the unprocessed lipoaspirates13,14. This 
study assessed lipoaspirate tissue and Lipogems® 
microfractured adipose tissue, either exposed to 
DMSO for cryopreservation or fresh-frozen with-
out DMSO, with the goal of identifying possible 
metabolomic differences between adipose tissue 
products and cryopreservation methods.

Comparison of global biochemical profiles 
in adipose (either exposed to DMSO or not) 
revealed several metabolomic differences includ-
ing changes in metabolites related to the amino 
acid metabolism and energetics. Several common 
differences were observed in both DMSO and 
non-DMSO fresh frozen samples (Lipogems® vs. 
Lipoaspirate), including changes in carbohydrate 
and nucleotide metabolism. Signs of shifts toward 
increasing glycolytic use may reflect enrichment 

of mesenchymal stem cells in microfractured ad-
ipose tissue Lipogems® sample24,25, with patterns 
associated with increasing nucleotide demand 
consistent with the highly proliferative nature of 
these cells26.

Amino acid metabolites, however, tended to 
show divergent changes between DMSO and 
non-DMSO comparisons, which could reflect 
changes in cellular uptake/transport or contribu-
tions from DMSO storage solution (or a combina-
tion of both) as previously reported26,28.

Conclusions

Collectively, our findings suggest that the Li-
pogems system modifies the metabolic profile of 
lipoaspirate tissues products. Further work will 
be needed to determine the specific mechanisms 
involved in the observed metabolic changes as-
sociated with tissue processing. Finally, studies 
assessing the “stemness” of cells exposed to 
DMSO could be of assistance to identify pos-
sible effects of the cryopreservation method on 
hADSCs differentiation potential and paracrine 
effects in target tissues.
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