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White adipose tissue (WAT) hypertrophy is caused by the excessive storage of triglycerides (TGs) and is
associated with obesity. We previously demonstrated that extracellular matrix mediator integrin betal
(INTB1) and its downstream effector integrin linked kinase (ILK) are implicated in obesity establishment.
We also considered in our previous works that ILK upregulation is a therapeutical strategy to reduce WAT
hypertrophy. Carbon based nanomaterials (CNMs) have interesting potential to modify cell differentiation
but have been never studied to change the properties of adipocytes. Methods: GMC is a new graphene-
based CNM that was tested for biocompatibility and functionality in cultured adipocytes. MTT, TG
content, lipolysis quantification, and transcriptional changes were determined. Specific INTB1 blocking
antibody and ILK depletion with specific siRNA were used to study the intracellular signalling. We comple-
mented the study using subcutaneous WAT (scWAT) explants from transgenic ILK knockdown mice
(cKD-ILK). GMC was topically administrated in the dorsal area of high fat diet-induced obese rats (HFD)
for 5 consecutive days. The scWAT weights and some intracellular markers were analyzed after the treat-
ment. Results: graphene presence was characterized in GMC. It was non-toxic and effective in reducing
TG content in vitro in a dose-dependent manner. GMC rapidly phosphorylated INTB1 and increased the
expression and activity of hormone sensitive lipase (HSL), the lipolysis subproduct glycerol, and the
expression of glycerol and fatty acid transporters. GMC also reduced the expression of adipogenesis
markers. Pro-inflammatory cytokines were unaffected. ILK was overexpressed, and INTB1 or ILK blockade
avoided functional GMC effects. Topical administration of GMC in HFD rats overexpressed ILK in scWAT,
and their weight gains were reduced, while systemic (renal, hepatic) toxicity parameters were unaffected.
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Conclusions: GMC is safe and effective in reducing hypertrophied scWAT weight when topically applied
and it can be considered of interest in anti-obesogenic strategies. GMC increases lipolysis and reduces
adipogenesis inside adipocytes by mechanisms that imply the activation of INTB1, the overexpression of

rsc.li/biomaterials-science ILK, and changes in the expression and activity of several markers related to fat metabolism.

1. Introduction

Several metabolic disorders are referred and interlinked to TG
metabolism and adipocyte size misfunction, such as obesity,
diabetes mellitus type 2, non-alcoholic fatty liver disease,
atherosclerosis, and arterial damage. Adipocytes are the main
cell population present within the white adipose tissue (WAT),
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which preserves energy homeostasis and body weight, and it is
distributed in different located depots, from subcutaneous
areas (scWAT) to the abdominal cavity." WAT enlargement is
associated by either the proliferation of new adipocytes (hyper-
plasia) or the increase of intracellular TG storage (hypertro-
phy). Stem pre-adipocytes as well as new and resident adipo-
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cytes may trans-differentiate and change intracellular volumes
adapting to the storage of triglycerides (TG) in the lipid
droplet (LD). The TG metabolic cycle is comprised of its intra-
cellular formation (lipogenesis) and catabolism (lipolysis),
plus the metabolite (fatty acids and glycerol) efflux through
the adipocyte membranes. Enlargement of ScWAT occurs
mostly because of the hypertrophic differentiation of the
existing adipocytes.>® Therefore, therapeutic strategies are
looking for compounds that artificially hinder or obstruct the
hypertrophic differentiation of distressed adipocytes. The
mechanisms followed by the extracellular moiety that sur-
rounds the adipocytes inside WAT, either soluble substances
as growth factors or structural components featured in the
extracellular matrix (ECM), can be considered in the thinking
and design of those future therapeutical fat modulators.* To
our knowledge, this has not been considered for carbon
nanomaterials (CNMs), which are promising bioactive nano-
structures that may mimic ECM-cell interactivity, promoting
cell adhesion, spreading, growth, and differentiation
routes.”® CNMs are classified according to their structural
diversity.” Graphene-based CNM, such as graphene oxide
(GO), reduced graphene oxide (rGO), carbon nanotubes
(CNTs) or carbon nanofibers (CNFs), share different arrange-
ments of graphene in their structure, which is defined as
one carbon atom thick disposition that features exceptionally
large and reactive surface area. CNF has been applied in bio-
medical fields for more than 30 years and got intrinsic
advantages compared to the extensively investigated GO or
CNT, such as more electric conductivity, larger scale manu-
facturing, and biocompatibility during production.®™*° Each
CNM may interact with the cell by different operating mecha-
nisms because of the ultrastructure physicochemical particu-
larities."* It has been hypothesized that graphene bioactivity
may start with the interaction of transmembrane receptors
integrins (INT), which orchestrate the ECM-based (outside-in)
signaling that regulates the intracellular architecture and
transcription of genes.">™°

In WAT, integrin p1 subunit (INTB1) is a determinant for
several adipocyte events such as differentiation to adipogen-
esis, insulin signaling, LD storage, and TG metabolites traffick-
ing’” and requires phosphorylation to be conformationally
active to recruit intracellular downstream cytoskeleton and
other scaffold proteins.'® We and others recently discovered
that the presence of the INTB1 scaffold protein Integrin
Linked Kinase (ILK)" is of interest during WAT
remodeling’® > and we defined that ILK pharmacological
upregulation in WAT ameliorates adipogenesis and hypertro-
phy in a pro-obesogenic model in vivo. Importantly, some pub-
lications have pointed to some CNM to modify ILK expression
and activity during stem cell differentiation.'*'® Taking all
this into consideration, we hypothesized that CNF structure
may interact with INTB1-ILK to change adipocyte pattern, and
here, we feature evidence and provide some mechanistic
insights for the anti-obesogenic/fat-reducing use of a new bio-
compatible and size-delimited CNF-based material named
GMC.
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2. Materials and methods

2.1. GMC preparation and characterization

GMC was obtained from the purification and bio compatibili-
zation of CNF with high surface supplied by Graphenano S.L.
CNF was treated overnight in a strong acid solution to remove
impurities and washed with distilled water until reaching
neutral pH. GMC was subjected to a standard depyrogeniza-
tion process at temperatures around 400 °C under inert atmo-
sphere (with high purity grade nitrogen). GMC particle size
was reduced and controlled through an exfoliation process
and filtration system. Characterization techniques for raw CNF
material and GMC were achieved as previously described.**
Raman spectroscopy was performed using a Senterra spectro-
meter with a grating of 600 lines per mm and a laser wave-
length of 532 nm at <1 mW laser power level (Bruker Espafiola,
Madrid, Spain). Crystallographic X-ray diffraction parameters
were determined using a diffractometer Phillips PW-1711 with
a uKa radiation and 1.5404 A wavelength. Interlaminar dis-
tance was calculated with Braggs’'s equation 4/2-sin(9),
where 1 is 1.5404 A long wave radiation and @ is the diffraction
angles of [002] and [001] peaks (which correspond to the stack-
ing aromatic structure and the orientation of graphene layer
planes, respectively). Crystalline size in the perpendicular
plane, or crystal stack height of graphene layers, is obtained
with Scherrer’s equation L. = K.-A/FWHM-cos(d), where K. is
the carbonous constant (= 0.9) and FWHM, Full Width at Half
Maximum of the corresponding diffraction peak (in rad units).
Particle size distribution was determined by dynamic light
scattering with ZetaSizer Nano Series (Malvern Panalytical Ltd,
Malvern, UK). Scanning electron microscopy images were
obtained using Zeiss GeminiSE500 equipment with a thermal
field emission, an acceleration voltage from 0.02-30 kV, and a
magnification from 50 to 2000 000. High resolution trans-
mission electron microscopy was performed using an FEI
Tecnai G2 F20 S-TWIN equipment. As negative controls in
comparative functional studies, other carbon materials were
used in the same concentrations and conditions as GMC, such
as carbon black, GO and rGO (all from Merck-Millipore,
Billerica, MA, USA).

2.2. Culture and differentiation of adipocytes

C3H10T1/2 preadipocytes (CCL-226, ATCC, Manassas, USA)
were grown on 6-well plates with DMEM (Sigma-Aldrich,
St Louis, MO, USA) and 10% fetal bovine serum (FBS, Thermo
Fisher Scientific Waltham, MA, USA). 2 days after confluency,
cells were treated with differentiation medium for 48 h:
DMEM supplemented with 10% FBS, Glutamax (Thermo
Fisher Scientific), 1 pM dexamethasone, 1 pM rosiglitazone,
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), and 5 pg mL™*
insulin (Sigma-Aldrich). Medium was replaced every two days
for a total of 6-10 days with DMEM supplemented with 10%
FBS Glutamax and 5 pg mL™" insulin. The 9™ day from the
beginning of the differentiation, adipocytes were deprived of
any supplementation for 24 h, prior to any treatment.”?
Treatments, including GMC or vehicle (VH) as control (CT),
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were added for the indicated times under deprived conditions
to avoid any biological effect from soluble factors present in
the growing medium. Safety of GMC was tested after treatment
by measuring nuclear trypan blue dye exclusion and the deter-
mination of mitochondrial metabolic activity (MTT).

2.3. Adipocytes transient transfection with siRNAs

Fully differentiated adipocytes were plated at 70-80% conflu-
ence in 6 well plates. After 24 h, adhered adipocytes were trans-
fected with 20 nM specific silencing RNAs (siRNA) against ILK
(siILK, Santa Cruz Biotechnologies Inc., Dallas, TX) or scram-
ble siRNAs with Metafectene (Biontex, Munich, Germany) over-
night and allowed to recover for 48 h, the first 24 h with
DMEM with serum for another 24 h and deprived for another
24 h.*® Deprivation of serum assures that the GMC and VH
experimental groups started in the same post-transfection con-
ditions. Treatments were performed thereof for the indicated
times. Successful ILK depletion was checked after all the pro-
cedures by determining ILK mRNA levels.

2.4. Animal models

Animal experiments have been approved by the Institutional
Animal Care and Use Committees from Universidad de Alcala
and Comunidad de Madrid (PROEX 230/16), in agreement
with the guidelines established by the European Community
Council Directives (2010/63/EU). Age-matched male and
female adult conditional ILK-deficient mice (cKDILK) and
wild-type counterparts (WT) were generated, divided randomly
and subjected to High Fat diet (HFD, 60 kJ% fat, 8.46%
sucrose; D12492 Ssniff Spezialdidten, Soest, Germany) to allow
the establishment of obesity and the increase of WAT depots
sizes, or the corresponding low fat standard diet (STD, 13 kJ%
fat, 67 kJ% carbohydrates, 10% sucrose; Envigo Teklad Global
Diet 2014, East Millstone, NJ, USA), as detailed in our previous
works.>'"** Briefly, general inactivation of the ILK gene in our
implemented cKD-ILK model was accomplished by crossing
C57Bl/6 mice homozygous for the floxed Ilk allele, flanked by
loxP sites (LOX) with homozygous BALB/c] strain mice carrying
a CMV-driven tamoxifen-inducible CreER (T) recombinase
gene (CRE); three-month-old male CRE-LOX weighing 20 to
28 g were injected intraperitoneally (i.p.) with 1.5 mg of
4-hydroxytamoxifen (TX, Sigma-Aldrich, St Louis, MO, USA) or
vehicle (VH, corn oil/ethanol, 9:1, Sigma-Aldrich, St Louis,
MO, USA) once a day for five consecutive days. Three weeks
after the injections, the tail DNA was genotyped by PCR. The
TX-treated CRE-LOX mice displaying successful depletion of
ILK were termed cKD-ILK and the VH-treated CRE-LOX were
termed wild-type (WT) mice. After the diet challenges, sSCWAT
explants from the dorsal-inguinal area were extracted and incu-
bated ex vivo with treatments in the same conditions as in vitro
cultured cell experiments. In vivo applications of formulated
products were performed in Wistar rats (Janvier Labs, Genest-
Saint-Isle, France). Briefly, age-matched male and female rats
were divided randomly and fed for 5 weeks with either STD or
HFD as described elsewhere.”® At the beginning of the 6™
week, animals were weighed, and dorsal-inguinal areas were
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depilated. Each experimental diet group was randomly divided
in two, where each sub-group was subjected to the topical
applications in the depilated dorsal-inguinal area of formu-
lated forms based on pure paraffin with either GMC or VH as
described.*® The application was performed with massage 2
times per day for a total period of 5 days while the animals
were maintained in their diets. At the end of the experiments,
animals were euthanized, weighed and blood samples
extracted. Each animal had free access to water and was kept
on a 12:12 h light:dark cycle at a constant temperature of
21-23 °C. Diets and water were supplied ad libitum. The food
and water intakes were calculated by subtracting the mass of
food or volume of water left from the initial supply. Fasting
glucose was determined using a glucometer via tail bleeding
(Accu-Check Aviva; Roche, Basel, Switzerland).>*

After the experimentation concluded, animals were main-
tained under fasting conditions for 16 h, weighed, and eutha-
nized with pentobarbital overdose. Body weight gains were cal-
culated by subtracting weights at the beginning from weights
at the end of each experimental timeline. Dorsal-inguinal
SscWAT depots were dissected, weighed, and divided to perform
ex vivo experiments or preserved in RNAlater (Thermo Fisher
Scientific, Waltham, MA, USA) for future determinations.
Blood was extracted from animals and creatinine and aspartate
aminotransferase in plasmas were determined using commer-
cial kits. Peripheral blood mononuclear cells (PBMC) were pur-
ified and Interleukin-1p mRNA was determined by RT-qPCR.

2.5. Intracellular triglyceride quantification

Fully differentiated adipocytes were deprived, treated, washed,
and stained after the indicated times with the lipid dye
AdipoRed (Lonza, Basel, Switzerland) as indicated by the com-
mercial manual. Fluorimetry was quantified with 485 nm exci-
tation/572 nm emission using a VictorX4 plate reader
(PerkinElmer) and values were normalized to total protein
content per well, determined by DC-Protein Assay (Bio-Rad,
Hercules, CA, USA). A filtered dilution of Oil Red O (Sigma-
Aldrich, 0.3 g in 100 mL of 60% isopropanol) was used on
cells fixed with 4% formaldehyde, and pictures were taken
using an inverted microscope.>

2.6. Reverse transcription—quantitative polymerase chain
reaction (RT-qPCR)

All products and equipment used were from Thermo Fisher
Scientific. After the corresponding experiment, total RNA was
extracted from cells or tissues collected from fasting mice.
Equal amounts of RNA were transcribed to cDNA with
HighCapacity cDNA RT Kit, and 10 ng of cDNAs were amplified
using kits for qPCR. TagMan gene expression assays were used
to quantify monocyte chemoattractant protein-1 (MCP-1,
Mmo00441242_m1), Interleukin-6 (IL-6, Mm00446190_m1), per-
oxisome proliferator activated receptor gamma (PPARy,
Mm00440940_m1), Leptin (Mm00434759_m1), CCAAT/enhan-
cer-binding protein beta (CEBP, Mm00514283_s1), fatty acid
binding protein 4 (FABP4, Mm00445878_m1), aquaporin 7
(AQP7, MmO00431839-m1), fatty acid translocase (FAT,

This journal is © The Royal Society of Chemistry 2023
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Mm00432403_m1), hormone-sensitive lipase (HSL,
Mmo00495359_m1), Interleukin-1f (IL-18, Mm00434228 m1),
Peroxisome Proliferator-activated Receptor Gamma-coactivator-
Alpha (PGC1-alpha, Mm01208835_m1), Fatty acid synthase (FASN,
MmO00662319_m1), and P-actin (Mm01205647_g1). Amplification
values were normalized to endogenous f-actin and relative quantifi-
cation was determined with the 27*4°" method. To quantify the
non-excised ILK sequence between exons within the floxed area
number 6 and 7 in WT and cKD-ILK specially designed primers
(GGGCTCTTGTGAGCTTCTGT and GAGTGGTCCCCTTCCAGAAT)
and glucose transporter type4 (GLUT4, ATGGCTGTCGCTGG-
TTTCTC and TAAGGACCCATAGCATCC) were determined with
SYBR Green Master Mix and normalized to f-actin
(GACGGCCAGGTCATCACTAT and CTTCTGCATCCTGTCAGCAA).>*?

2.7. Protein extraction and immunoblot analysis

Cells were homogenized in lysis buffer (10 mM Tris-HCl, pH
7.6; 1% Triton X-100; 1 mM EDTA; 0.1% sodium deoxycholate)
supplemented with protease and phosphatase inhibitors
(Complete and PhosSTOP, Roche, Basel, Switzerland). Protein
concentrations were determined by DC-Protein Assay (Bio-Rad,
Hercules, CA, USA). Equal amounts were separated on SDS-
polyacrylamide gels and transferred to 0.2 pm PVDF mem-
branes (Bio-Rad, Hercules, CA, USA). Membranes were blocked
and incubated with primary antibodies and secondary anti-
bodies (Merck-Millipore, Billerica, MA, USA or Dako, Glostrup,
Denmark) afterwards. Primary antibodies were used against
ILK (4G9), HSL, its active isoform, phosphorylated at ser660
ser 660 (P-HSL) (Cell Signaling Technology, Danvers, MA,
USA), INTB1, its active isoform, phosphorylated at thr 788/9
(P-INTB1, Abcam, Cambridge, United Kingdom), Tubulin,
Actin or GAPDH (Sigma-Aldrich, St Louis, MO, USA).
Immunoblots were detected by chemiluminescence (Pierce
ECL Western Blotting Substrate, Thermo Fisher Scientific
Waltham, MA, USA) and imaged with ImageQuant LAS 500
System (General Electric Healthcare, Little Chalfont, United
Kingdom). Densitometries were measured using ImageJ soft-
ware (NIH).

2.8. Free glycerol measurement in supernatants and glucose
uptake assay

Fully differentiated adipocytes deprived of serum or dorsal-
inguinal scWAT depots weighed and divided were treated in
DMEM free of serum for the indicated times. Excreted glycerol
was measured in the supernatants using a commercial ELISA-
based assay kit (BioVision, Milpitas, CA, USA) according to the
manufacturer’s instructions and normalized to total protein
content. Glucose uptake was performed as described pre-
viously.”" Briefly, samples were incubated in DMEM free of
serum, glucose, and sodium pyruvate (Thermo Fisher
Scientific Waltham, MA, USA). Insulin (100 nM, Actrapid, Novo
Nordisk A/S, Bagsveerd, Denmark) was added for additional
15 min and 0.1 mM of the fluorescent p-glucose analogue
2-[N(7nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-glucose
(2-NBDG, Sigma-Aldrich, St Louis, MO, USA) was added for
30 min more. Free 2-NBDG was washed out 3 times with cold
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PBS, tissues were lysed and intracellular 2-NBDG fluorescence
(excitation 485 nm, emission 535 nm) was measured
(VICTORX4, PerkinElmer, Waltham, MA, USA). Glucose uptake
rates were calculated after subtracting the tissue background
signal (negative control, without 2-NBDG) and normalized to
tissue weights.*"*?

2.8. Statistical analysis

GraphPad Prism 8 Software was used to perform Student’s t
test for 2 groups and 1- or 2-way analysis of variance for more
groups, followed by Bonferroni’s post hoc tests. Differences in
mean values were considered statistically significant at a prob-
ability level of less than 5% (p < 0.05). Power of the study was
80-85%, with a confidence level of 95%.

3. Results

3.1. GMC characterization

GMC was produced, purified, bio-compatibilized and charac-
terized by Graphenano Medical Care S.L. from raw CNF
(Graphenano S.L., Spain), as detailed in the methods section.
Fig. 1A shows the graphene Raman spectrum present in GMC,
with a D peak located at 1350 cm ™", which refers to structural
defects in the graphene surface, and a G peak at 1570 cm ™,
referred to the graphitization grade. GMC intensity D/G peak
ratio, which gives the number of structural defects of the
material, increased to 1.2, when compared to 0.9 from raw
CNF. Fig. 1B shows the GMC crystal structure spectrum,
detected by X-ray diffraction, where the diffraction peak of the
stacking aromatic structure is 26 = 25.9°, and the peak for the
orientation of graphene layer planes is 26 = 43.1°. Interlaminar
distance, calculated using Braggs’s equation, was 0.344 nm, in
accordance with raw CNF values. The average crystalline size
in the perpendicular plane of graphene layers is obtained by
using Scherrer’s equation. Raw CNF presented a crystalline
size value of 3.1 nm, whereas GMC was 2.7 nm. Fig. 1C pre-
sents the average particle size of GMC in terms of number,
with a peak in the order of hundreds of nm and Fig. 1D shows
the average particle size in terms of volume, with two peaks at
the order of hundreds of nm and thousands of nm. Both
spectra were derived from dynamic light scattering, and the
Z-average size calculated was around 300 nm. Fig. 1E shows a
representative scanning electron microscopy image of GMC,
which illustrates a cylindrical structure with a fiber length up
to several micrometers and fiber diameters between 5 and
200 nm, like raw CNF.>* Fig. 1F shows a representative image
obtained through high resolution transmission electron
microscopy where fibrous particles can be observed with a
certain degree of corrugation. These particles are agglomerated
among themselves. The range of sizes obtained from the
images was between 70 nm to 600 nm, and the average was
300 nm, which corroborates the Z-average size obtained.
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Fig. 1 GMC characterization. Representative data from (A) Raman analysis, (B) X-ray diffraction, (C) number, and (D) volume (in %) of particle size
spectra (in nm) derived from dynamic light scattering. (E) Representative image from scanning electron microscopy. (F) Representative image from

high resolution transmission electron microscopy.

3.2. GMC used in cultured adipocytes reduces intracellular
TG content and adipogenesis markers expression, while
increases lipolysis

The in vitro functional studies of GMC were performed in cul-
tured fully differentiated adipocytes obtained from adipoblast-
like pluripotent cells C3H10T1/2. Fig. 2 shows the quantifi-
cation of intracellular TG stored in adipocytes LD using lipid-
specific dyes. Fig. 2A shows the time-dependent reduction of
intracellular TG with 20 pg mL™" of GMC treatment deter-
mined by the fluorescent dye AdipoRed, which reaches
approximately 40% reduction after 24 h and remains for 72 h.
Fig. 2B shows representative microscopical pictures of visually
stained LDs from adipocytes using, in this case, colorimetric
dye Oil Red O. It can be observed that the change of character-
istically large LD in differentiated/hypertrophied adipocytes
(CT) to general reduced LD content, which are also smaller
and multilocular, in GMC treated cells (20 pg mL™", 24 h), as
corresponding to non-differentiated pre-adipocyte cells.>?
Fig. 2C shows GMC dose-dependency of TG reduction at 24 h.

4920 | Biomater. Sci,, 2023, 11, 4916-4929

GMC concentrations as low as 5 ug mL™" induced a significant
reduction of intracellular TG content (approximately 30%).
This reduction was enhanced progressively with higher GMC
concentrations. The specificity of GMC in effect was achieved
by comparing this functional effect by using other carbon
materials in the same time and dose conditions. These mole-
cules were added to the cells for the same time and conditions
as GMC: (a) the denaturalized GMC, obtained after the expo-
sition of GMC to 600 °C, which has graphene eliminated from
the structure, (b) carbon black, which is a carbon material
without CNM properties, (¢) GO and (d) rGO, both graphene-
based CNM, although carrying different structures compared
to GMC. Any of these molecules were able to modify the LD
content, thus they were inert/negative in this functional effect
observed with GMC (Fig. 2C). The tested GMC concentrations
have no relevant effects on the adipocyte cell membranes per-
meability (trypan blue dye exclusion analysis) or MTT assay
(Table 1).

Fig. 3A shows the mRNA expression pattern of several
markers after GMC treatment compared with CT in cultured

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 GMC decreases triglyceride (TG) content in adipocytes. (A) Differentiated adipocytes TG content, quantified with lipid-specific fluorescent
dye AdipoRed, after 20 ug mL™* GMC or vehicle (CT) treatments at the indicated times. (B) Representative images of LD stained with Oil-red O inside
adipocytes after 24 h treatment (GMC at 20 ug mL™). (C) Differentiated adipocytes TG content after 24 h of GMC at the indicated concentrations or
20 pg mL™! of three negative controls: denaturalized GMC by exposure to 600 °C (GMC-600°), a non-CNM species (carbon black) and two gra-
phene-based CNM that not share graphene structure with GMC (GO and rGO). Data are expressed as mean + standard errors (M + SEM) from n = 12

experiments. *p < 0.05 vs. CT and #p < 0.05 vs. GMC 5 ug mL™.

Table 1 GMC safety in vitro: adipocytes were treated with GMC at the
indicated concentrations or vehicle for 24 h. Viability was determined by
trypan blue cellular exclusion, and toxicity was determined by MTT. Data
are expressed as mean + standard errors (M + SEM) from n = 12
experiments

GMC 5 pg GMC 20 pg GMC 100 pg
mL™" mL™" mL™"
Adipocytes viability 101.8 £ 11.2 108.2 +11.8 89.1+6.9
(% vs. vehicle)
Adipocytes MTT 91.3+1.9 89.4 +1.8 90.6 +1.6

(% vs. vehicle)

adipocytes. GMC does not modify the expression of pro-
inflammatory cytokines MCP-1 and IL6 while reducing some
adipogenesis and mature adipocyte markers such as PPARy,
CEBPB, PGC1-alpha, and adipokine leptin.>**”

On the other hand, GMC increases the expression of lipoly-
sis markers HSL and lipid metabolite transporters, FABP4,
fatty acid translocase FAT, and AQP7.>’?%?° However, the
expression of FASN, the main enzyme for lipogenesis, was also

This journal is © The Royal Society of Chemistry 2023

increased.?® GMC also increased HSL activity, as shown by the
increased protein levels of the active lipolytic isoform (HSL
phosphorylated at ser 660) in Fig. 3B.

3.3. GMC reduces TG content by a rapid phosphorylation of
INT1B and the overexpression of ILK

Fig. 4 shows the involvement of the INTB1/ILK axis during the
functional TG decrease caused by GMC in vitro. Fig. 4A shows
a rapid and significant phosphorylation in Thr788/9 of INTB1
at 30 min, 1, and 2 h after GMC treatment, which correlates
with INTB1 conformational activation.'® To analyze the rele-
vance of ILK in the genesis of the observed effects, the
expression of ILK after GMC treatment was studied in adipo-
cytes. Fig. 4B and C show that GMC increases ILK mRNA and
protein levels after 24 h, respectively.

Next, we stated the relevance of INTB1 and ILK in the GMC-
induced TG content by (a) blocking INTB1 response and (b)
partially depleting ILK before GMC treatment.>®

We partially depleted ILK transfecting adipocytes with
siRNAs against ILK (siILK) or scrambled siRNAS as controls as
specified in the methods section. To antagonize INTB1

Biomater. Sci, 2023, 11, 4916-4929 | 4921
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Fig. 3 Inflammation, adipogenesis, and lipolysis markers in adipocytes after GMC treatment. Differentiated adipocytes were treated with

20 ug mL™* GMC or vehicle (CT) for 24 h. (A) mRNA expression fold changes of CT, normalized to B-actin for some inflammation markers (IL-6 and
MCP-1), adipogenesis markers (PPARy, CEBPB, PGC1-alpha, and Leptin), lipolysis and lipogenesis enzymes and lipid transporter proteins (HSL, FASN,
FABP4, FAT, and AQP?7). (B) HSL total protein content and activity were measured by immunoblot. Representative immunoblots and densitometric
analysis of phosphorylated HSL at ser 660 (P-HSL), total HSL and protein contents are given as % of CT. HSL values were normalized to actin as
endogenous control, whereas p-HSL values were normalized to total HSL content. Data are expressed as mean + standard errors (M + SEM) from
n = 12 experiments. *p < 0.05 vs. CT.
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Fig. 4 GMC interacts with integrinpl (INTB1) and overexpresses integrin linked kinase (ILK) in adipocytes. Differentiated adipocytes were treated
with 20 ug mL~* GMC or vehicle (CT) for the indicated times. (A) Representative immunoblots and densitometric analysis of phosphorylated INTB1 at
Thr788/9 (P-INTB1) normalized to total INTB1 (Tubulin blots are shown as charge control). (B) ILK mRNA expression fold changes normalized to
B-actin and (C) representative immunoblots and densitometric analysis of total ILK normalized to GAPDH. Data are expressed as mean + standard
errors (M + SEM) from n = 12 experiments. *p < 0.05 vs. CT.

outside-in signal transduction, we used a very specific func-
tion-blocking INTB1 antibody (HMB1, Anti-mouse CD29 clone
HMBetal-1, Biolegend) or irrelevant antibodies (from the
same company) in the control cells. In these settings, we
added GMC and determined the TG content and ILK
expression after 24 h. Fig. 5A shows that HMB1 prevents GMC-
dependent TG reduction. Interestingly, ILK depletion (siILK

4922 | Biomater. Sci, 2023, 11, 4916-4929

cells) significantly increased TG content compared to CT
counterparts, which emphasizes the importance of ILK pres-
ence during LD hypertrophy/adipogenesis. On the other hand,
GMC was able to partially revert the TG increase of siILK cells,
reaching CT values.

Fig. 5B shows that GMC increases ILK mRNA expression, as
we already saw in Fig. 4B. This overexpression was dependent

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 GMC-dependent lipolytic decrease of triglycerides (TG) in adipocytes is mediated by the interaction with integrinfl (INTB1) and integrin
linked kinase (ILK). Differentiated adipocytes transfected with either specific siRNAs against ILK (silLK) or scramble siRNAs as controls. 48 h later,
transfected adipocytes were treated with either GMC or vehicle (CT) for 24 h. Some of the adipocytes transfected with scramble siRNAs were co-
treated with INTB1 blocking antibody (HMB1) or irrelevant antibody together with GMC or vehicle and let for 24 h. (A) Intracellular TG content and
(B) ILK mRNA expression fold changes normalized to p-actin. (C) 24 h supernatant glycerol content collected from the treated adipocytes shown in
the previous panels. Glycerol from cells treated with 0.5 mM IBMX is shown as a positive control of lipolysis. Data are expressed as mean + standard
errors (M + SEM) from n = 12 experiments. *p < 0.05 vs. CT. #p < 0.05 vs. GMC.

on GMC-INTB1 modulation because ILK expression was not
upregulated when using HMB1 prior to GMC treatment. In
silLK-transfected cells, the successful partial depletion of ILK
is visible. Interestingly, GMC-dependent ILK upregulation was
invalidated in siILK cells. These results emphasize the rele-
vance of ILK presence during the GMC-dependent intracellular
TG balance and the overexpression of ILK itself. Fig. 5C shows
that GMC increased glycerol accumulated in the supernatants
of the cultured cells, indicating increased intracellular lipoly-
sis, in accordance with the increased expression of lipolysis
markers observed in Fig. 3. As a positive control, a single bolus
of 0.5 mM IBMX, which activates the PKA-dependent canonical
lipolytic pathway, increases the secretion of glycerol in our set-
tings.>® The blockade of INTB1 or ILK, using HMB1 or siILK,
respectively, avoid GMC-mediated lipolysis. Interestingly, siILK

This journal is © The Royal Society of Chemistry 2023

decreases the glycerol content lower than CT, in accordance
with the observed TG storage increase in those cells.

3.4. GMC overexpress ILK to promote lipolysis in cultured
SCWAT explants from mice subjected to High Fat Diet

We previously reported a mice model in which the sixth and
seventh exons of ILK gene were excided during young adult-
hood once they were injected with TX.?'>* 3 weeks later, the
adult mice displaying successful ILK depletion (cKD-ILK) and
control littermates (VH-treated, WT) were used. Fig. 6 resumes
our approach to study whether GMC or VH modify ILK
expression and lipolysis state of hypertrophied scWAT
explants,>® obtained from this ILK-depleted mice model once
challenged to 6 weeks of high fat diet (HFD) following our pre-
viously published protocols®>* and detailed in the methods

Biomater. Sci, 2023, 11, 4916-4929 | 4923
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Fig. 6 GMC overexpresses integrin linked kinase (ILK) to promote lipolysis in subcutaneous white adipose tissue (scWAT) from mice challenged with
high fat diet (HFD). Conditional Knockdown ILK mice (cKDILK) or wild-type counterparts (WT) were challenged with HFD for a total of 6 weeks.
SCWAT explants were cultured ex vivo in the presence of GMC (20 ug mL™2) or vehicle (CT) for 24 h. (A) ILK mRNA expression fold changes normal-
ized to B-actin. (B) Supernatant glycerol content normalized to grams of scWAT explants. Data are expressed as mean + standard errors (M + SEM)
from n = 12 experiments. *p < 0.05 vs. WT HFD VH. #p < 0.05 vs. WT HFD GMC.

section. Explants of scWAT from these animals were treated
in vitro in the same conditions as the adipocytes, with either
VH or GMC for 24 h. Fig. 6A shows that GMC treatment
increases ILK expression in scWAT explants from HFD-control
animals (WT), an effect that was not observed when GMC was
administered to HFD-mice with ILK depleted in scWAT. The
levels of lipolysis metabolite glycerol were also increased in the
supernatants after GMC treatment on HFD-WT scWAT
explants, while the depletion of ILK in HFD-cKDILK scWAT
prevented this effect (Fig. 6B).

3.5. GMC topical application in rats subjected to HFD
reduces body and scWAT weights while overexpress ILK

To elucidate whether GMC may decrease scWAT hypertrophy
in vivo, rats were challenged with STD or HFD for 5 weeks to
settle a diet-induced increase of scWAT size,”® and therefore
GMC (100 pg mL™") or vehicle (VH, paraffin) were topically
applied on the depilated dorsal-inguinal areas of the
animals.”® The application was performed with massage 2
times per day for a total period of 5 days while the animals
were maintained in their respective diets. No difference in
daily food or water intake was observed between the different
experimental groups (data not shown). Fig. 7A shows total
body weight (BW) gain, along the week of the topical appli-
cations. In VH-treated HFD-fed rats, BW was increased by
more than 25% when compared to control STD-fed rats. GMC
application reduced BW gains in either STD or HFD groups
when compared to their respective control rats (VH-treated).
Fig. 7B shows that the weights of the dorsal-inguinal scWAT
pads extracted after the experimentation were in accordance
with BW changes. Fig. 7C shows that topical GMC application
overexpressed ILK in scWAT from HFD-fed rats, in accordance
with the results observed in vitro and ex vivo. Some markers for

4924 | Biomater. Sci, 2023, 1, 4916-4929

renal, hepatic, and inflammatory safeness were determined in
the blood of HFD-fed rats treated topically with GMC.

No differences between experimental groups were observed
for plasma creatinine, aspartate amino transferase, as well as
IL-1p mRNA expression in peripheral blood mononuclear cells
(Table 2).

Because we previously published that reduced ILK levels are
related with early glycaemic imbalance, and taking into con-
sideration that GMC changes ILK-related mechanisms, we
wonder whether GMC also affects glycaemia and/or the main
glucose transporter in WAT, GLUT4.>' > GMC treatments did
not change GLUT4 expression compared to controls, neither in
cultured adipocytes nor in cultured scWAT explants from STD-
fed WT. The extracellular glucose uptake capacity was not
different in WT WAT explants treated with GMC, compared to
vehicle-treated controls after the stimulation with insulin,
which canonically increased the traffic of GLUT4 and its pres-
ence in the membrane (the glucose uptake was detected intra-
cellularly with the use of a fluorescent glucose analogue,
2-NBDG, as specified in methods). Finally, glycaemia levels
were not different in STD-fed rats where GMC was topically
applied, compared to VH-treated (ESIT).

4. Discussion

This is the first study to describe that a graphene-based
material reduces triglyceride inside adipocytes and therefore,
WAT hypertrophy in the DIO model. We demonstrated that
GMC, a CNF-based material with graphene in its structure and
an average particle size of hundreds of nm, can be safely used
in concentrations lower than 150 pg mL ™", because it has non-
toxic effects on cultured adipocytes, in accordance with the

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Topical administration of GMC in rats challenged with high fat diet (HFD) reduces total body and subcutaneous white adipose tissue (scWAT)
weights and overexpress integrin linked kinase (ILK). Rats were challenged to HFD or standard diet (STD) for a total of 6 weeks. Along the 5™ week,
animals were depilated in the dorsal-inguinal area and subjected to topical applications of 100 ug mL™* GMC or vehicle (VH) 2 times per day for 5
consecutive days. (A) Total gain of body weight (BW), (B) scWAT weights normalized to BW after the treatment and (C) ILK mRNA expression fold
changes in scWAT from HFD-treated rats, normalized to B-actin. Data are expressed as mean + standard errors (M + SEM) from n = 12 experiments.

*p < 0.05vs. STD VH. #p < 0.05 vs. HFD GMC.

Table 2 GMC safety in vivo: HFD rats were depilated in the dorsal-
inguinal area and subjected to topical applications of 100 ug mL™ GMC
or vehicle enhanced with massage 2 times per day for 5 consecutive
days. At the end of the treatments, plasmatic creatinine and aspartate
aminotransferase and peripheral blood mononuclear cells (PBMC) IL-13
mRNA levels were determined and normalized to p-actin. Data are
expressed as mean + standard errors (M + SEM) from n = 12
experiments

Vehicle GMC
Creatinine (plasma, pg d1™) 380+30 370 +40
Aspartate Aminotransferase (plasma, U17%) 200 +25 210 +23
IL-1beta levels in PBMC (mRNA fold changesvs. 1.1 +0.5 1.2 +0.4

vehicle)

safe concentration stated in previous work on skin cells,"
while has a functional effect promoting adipocyte trans-differ-
entiation to a catabolic phenotype. Each CNM member, as in
the case of GMC, exhibits different carbon arrangements, size,
and physicochemical properties, which lend unique and
characteristic interactions with biomolecules, cells, and
tissues, and therefore may induce effects that vary from inert
to bioactive or toxic.>” In this context, the ability for different
CNM to module stem cell differentiation during osteogenesis,
chondrogenesis, or neurogenesis has been analyzed,''*'3*
including CNF.° In some of those publications, GO, and CNT
have been reported to indirectly modulate adipogenesis, but
the present study is the first to deeply analyze the CNF-based
capacity in modifying adipogenesis during obesity.

We demonstrate that the functional capacity to reduce TG
content in adipocytes was very specific to GMC and the par-
ticular disposition of graphene on it because the effect was not
replicated by other carbon materials or CNM that have or did
not have graphene in their structures, such as carbon black,
GO, rGO or GMC with a denaturalized structure (GMC exposed
to 600 °C).

This journal is © The Royal Society of Chemistry 2023

Once GMC interacts with the adipocytes, the intracellular
changes may be summarized as follows: (a) TG content inside
LD decreases, the expression and activity of main lipase HSL
as well as the excretion of the lipolysis marker glycerol and the
expression of lipolysis metabolites transporters (FABP4, FAT,
and AQP7)*®*° were all increased, while (b) adipogenesis-
related transcription factors (PPARy, CEBP, and PGC1-alpha)®’
and leptin, the main adipokine that represents adipose hyper-
trophy’ decreased. Finally, (c) GMC did not evoke inflam-
mation because the expression of adipocytokines IL-6 and
MCP1 were not affected, as well as the glucose transporter
GLUT4.

Although we demonstrated that GMC increases lipolysis
(reduced TG content because of increased HSL activity and
excreted glycerol), the expression of the main enzyme for lipo-
genesis, FASN, was increased in the trans-differentiating adipo-
cytes. This may remain as a paradoxical effect. Lipolysis and
lipogenesis are two events intimately related but not necess-
arily conflicting: impaired FASN has been linked to metabolic
disorders.?® Related to this observation, a high transcriptional
upregulation of FASN may be linked to insulin-sensitivity
improvement.** Therefore, we hypothesize that GMC-depen-
dent FASN upregulation is part of feedback during adipocyte
de-differentiation. However, the goal of the present work is to
demonstrate the capacity of GMC to reduce fat deposition and
indeed, the net effect was the reduction of intracellular TG
content despite FASN content.

The physicochemical mechanisms modulating cellular
adhesion, spreading, and differentiation by other graphene-
based CNM are not well defined but allowed us to intuit that
the graphene present in GMC could act as an artificial bio-
physical cue like the natural ECM components, which interacts
with INT and its intracellular downstream interactome.'*"®
ILK is a major INTB1 scaffold protein of the interactome
recruited to modulate the cytoskeleton.'® We demonstrated in

Biomater. Sci, 2023, 11, 4916-4929 | 4925
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cultured adipocytes that GMC rapidly phosphorylated INTB1 at
Thr788/9 and activated outside-in signaling, which is inti-
mately related with adipogenesis.'””'® The blockade of INTB1
with HMB1 antibody avoids the GMC effect on triglyceride
content and lipolysis. Importantly, GMC also increased ILK
content, and this was blocked by HMB1. All the changes
mediated by GMC were dependent on ILK presence because
the ILK blockade using siILK induces similar changes to those
elicited by HMB1. Conclusively, we suggest that GMC interacts
with INTB1/ILK axis on adipocytes to lead to trans-differentiat-
ing mechanisms that decrease lipid content. We further per-
formed studies in scWAT explants ex vivo and in vivo from
obese rodents. scWAT depots are responsible for storing over
80% of total body fat, and their principal adaptation to obesity
relates to hypertrophy of the tissue.>® GMC treatment in hyper-
trophied scWAT explants confirms the dependency of INTB1/
ILK described in the cultured adipocytes model because GMC-
induced lipolysis and ILK overexpression were avoided on
explants where INTB1 or ILK was blocked. As a pre-clinical
approach, the topical application of GMC in overweighted rats
induced the reduction of scWAT weights with the subsequent
decrease in total body weight.

Here, we demonstrated that GMC, via INTB1 and ILK, is
probably modulating the transcription of several adipose-
related genes, as well as ILK itself. The transcriptional regu-
lation mediated by graphene is understudied: so far, some
publications stated that CNM-based structures may interact
with INT to modify the expression of several genes, but taking
into consideration the different physiological contexts under
study,"”*> and some of these publications linked ILK during
the process.'*'® As expected, the ILK transcriptional activity
on other genes may use multiple substrates, according to the
vast range of functions where it has been implicated;" for
example, we previously published that ILK was able to regulate
transcriptional factors NFATc and AP1 during the expression
of water channel Aquaporin 2.** In accordance, our results
point to a transcriptional mechanism inside the adipocyte
driven by GMC-INT-ILK, and within GMC-INT activation and
ILK-mediated transcription, a potential mediator may be Rho-
associated protein kinase (ROCK), because it has been linked
during GO interaction with INT*® and recurrently pointed to
be a mediator after ILK activation.?”*® About the transcription
of the ILK gene, several transcriptional factors can be respon-
sible for the modulation, such as AP-2, Sp1, NF-kp, EGR1, Ets-
1, or HIF-a, due to the motifs variety present in ILK promo-
ter.® However, further studies should be devoted to under-
standing the transcriptional regulation followed by the acti-
vation of the axis GMC/INTB1/ILK.

In any case, a very relevant statement from the present work
is the importance of ILK expression levels during adipocyte
differentiation; GMC increased ILK yield and reduced adipo-
cytes hypertrophy in all the experimental approaches, in vitro,
ex vivo, and in vivo, and these results are in accordance with
our previously stated hypothesis: (a) ILK expression is
decreased during the development of obesity, (b) WAT trans-
genic downregulation of ILK (in cKD-ILK) exacerbates the

4926 | Biomater. Sci, 2023, 1, 4916-4929
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obesity-related symptoms and finally, (c) overexpression of
WAT ILK can ameliorate obesity.>’ > The opposite hypothesis
has been stated in Bugler-Lamb’s work,*® where ILK expression
was increased by a long-term HFD and the use of adipocyte-
specific ILK-deficient mice and ILK knockdown in 3T3-L1 dis-
played reduced fat mass. Differences in methodological and
conceptual approaches between Bugler-Lamb’s models and
ours may explain the apparently contradictory results between
studies. Nevertheless, here, we did carry out a pharmacological
strategy to increase ILK expression in vitro and in vivo as a pro-
tective approach against obesity that was not used in Bugler-
Lamb’s study. Because GMC biocompatibility in vivo was still
unknown, we chose to apply it topically, a less invasive admin-
istration pathway compared with others that may be potentially
more aggressive:*® according to previous works, systemic
administration (e.g., Intraperitoneal) of CNM similar to GMC
is shown to be incompatible.’**° The topical administration of
GMC in vivo was apparently biocompatible (no changes in sys-
temic toxicity parameters, as shown in Table 2), and it has an
effect on the underlying scWAT, posing an interesting question
concerning GMC transdermal absorption. On intact skin,
topically applied drugs may use different transdermal path-
ways (intercellular, intracellular, or through hair follicles and
other skin glands) to penetrate, and the penetration ability
depends on several factors such as particle size, lipid compo-
sition in the application area or the use of external forces or
enhancers, which facilitate the process (e.g., massage, micro-
needles, electroporation).>**"*> According to different studies,
the cut-off size of the molecules to percutaneously be absorbed
may vary from dozens to hundreds or even thousands of nano-
meters when the application is helped by mechanical
forces.**** In our studies, it is reasonable to consider the
penetration of GMC through the skin to modify the size and
genetic expression pattern of the scWAT layer under the region
where it was applied, probably due to the conjunction of size
and the motion caused by the massage during its application.
Unfortunately, we were unable to observe GMC reaching the
hypodermis because it is difficult to trace carbon-based struc-
tures of CNM in tissues in such a small amount; moreover, if
it is not tagged, neither has intrinsic fluorescence.*” It is poss-
ible that other WAT depots (e.g., epiWAT) may be implicated in
the total body weight loss observed after the topical appli-
cation and GMC may be systemically absorbed and targeting
adipocytes of distant depots from the located application. It is,
therefore, reasonable that whether GMC has been systemically
absorbed, it may reach other organs. To study whether
topically applied GMC has other functional effects in other
organs was out of the present work. As explained before, to
study the pharmacokinetics of a non-tagged carbon-based
structure may be extremely difficult. Nevertheless, we demon-
strate that the topical application for several days in vivo was
safe because it did not alter inflammation or other systemic
damage markers. In conclusion, GMC binds to adipocytes
INTB1/ILK cluster to trans-differentiate them to reduce intra-
cellular lipid accumulation, adipogenesis, and cellular hyper-
trophy while increasing lipolysis without inflammation.

This journal is © The Royal Society of Chemistry 2023
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Overexpression of ILK takes place, perpetuating GMC positive
effects. Pre-clinical studies have shown that GMC topical
administration reduces scWAT weight gain in DIO rodents.

5. Conclusions

We demonstrate for the first time that a CNF-based product
with graphene content in its structure is safe and effective in
reducing scWAT size when topically applied in vivo. GMC
binds to adipocytes INTB1 to reduce TG content and transcrip-
tionally downregulate adipogenesis and upregulate lipolysis.
ILK presence is necessary for this mechanism. GMC in turn
increases ILK expression, which demonstrates that Graphene
presence and ILK upregulation may be considered for anti-obe-
sogenic strategies.

Abbreviations

AQP7 Aquaglyceroporin 7

BW Body weight

CEBP CCAAT/enhancer-binding protein beta

cKDILK  ILK knock-down mice

CNF Carbon nanofibers

CNM Carbon nanomaterial

CNT Carbon nanotubes

CT Control, vehicle-treated cells

ECM Extracellular matrix

FABP4 Fatty Acid Binding Protein 4

FASN Fatty acid synthase

FAT Fatty Acid Translocase

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase

GLUT4 Glucose transporter type 4

GMC The new graphene-based carbon nanomaterial

GO Graphene oxide

HFD High fat diet

HMB1 Anti-mouse CD29 clone HMBeta1-1, INTB1 block-
ing antibody

HSL Hormone Sensitive Lipase

IBMX 3-Isobutyl-1-methylxanthine

IL-1B Interleukin-1f

1L-6 Interleukin-6

ILK Integrin-linked kinase

INT Integrin

INTB1 Integrin-p1

LD Lipid droplets

MCP-1 Monocyte chemoattractant protein-1

MTT Mitochondrial metabolic activity

PBMC Peripheral blood mononuclear cells

PGC1- Peroxisome Proliferator-activated Receptor

alpha Gamma-coactivator-Alpha

P-HSL HSL active isoform, phosphorylated at ser660

P-INTB1  INTBI1 active isoform, phosphorylated at thr 788/9

PPARYy Peroxisome proliferator activated receptor gamma

rGO Reduced Graphene oxide

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper
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SCWAT Subcutaneous WAT depot
SiILK Silencing RNA against ILK
SiRNA Silencing RNA
STD Standard diet
TG Triglycerides
VH Vehicle
WAT White adipose tissue
WT Wildtype mice
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