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Effect of Cucumis sativus on 
Dysfunctional 3T3-L1 Adipocytes
Méndez-Martínez Marisol1,2, Trejo-Moreno Celeste1,2, Maldonado-Mejía Laura2,  
Esquivel-Guadarrama Fernando2, Pedraza-Chaverri José4, Zamilpa Alejandro3,  
Medina-Campos Omar4, Alarcón-Aguilar Francisco5, Almanza-Pérez Julio César5,  
Contreras-Nuñez Erika5, Santana-Calderón Angélica6, Fragoso Gladis7,  
Jiménez-Ferrer Enrique3 & Rosas Gabriela1

Obesity is caused by lipid accumulation in adipose tissues inducing adipocyte dysfunction, 
characterized by insulin resistance, increased lipolysis, oxidative stress, and inflammation, leading to 
increased levels of adipokines. Herein the capacity of the subfractions (SFs) SF1, SF2, and SF3 from the 
Cucumis sativus aqueous fraction and their combinations (M) to control adipocyte dysfunction in vitro, 
in 3T3-L1 adipocytes was studied. Adipocytes, previously treated with dexamethasone or IL-1 to induce 
dysfunction, were incubated with different concentrations of the subfractions for 24 h. 2-deoxyglucose 
consumption and glycerol release were evaluated, and a surface model was constructed to determine 
the most effective SF concentrations to improve both parameters. Effective SF combinations were 
assessed in their capacity to control metabolic, pro-oxidative, and pro-inflammatory conditions. 
SF1, SF2 (40 μg/ml each) and SF3 (20 μg/ml) improved 2-deoxyglucose consumption by 87%, 57%, 
and 87%, respectively. SF1 and SF2 (5 μg/ml each) and SF3 (40 μg/mL) increased glycerol secretion by 
10.6%, 18.9%, and 11.8%, respectively. Among five combinations tested, only M4 (SF1 40 μg/ml:SF2 
60 μg/ml:SF3 30 μg/ml) and M5 (SF1 40 μg/ml:SF2 60 μg/mL:SF3 10 μg/ml) controlled effectively the 
metabolic, pro-oxidative, and proinflammatory conditions studied. Glycine, asparagine, and arginine 
were the main components in these SFs.

Obesity is a complex, chronic disease with multifactorial etiology. It is caused by an imbalance between energy 
consumption and expenditure. Excess energy is stored as fat, which accumulates mainly in adipocytes, increasing 
their size (hypertrophy) and number (hyperplasia)1. Obesity incidence has increased in recent years, becoming a 
major health problem worldwide. In Mexico, according to the Health and Nutrition National Survey 2016, obesity 
affects 7 out of 10 Mexican adults (72.5% of adult population)2. Obesity has been linked to dyslipidemia, hyper-
tension, glucose intolerance, and insulin resistance (IR), leading to metabolic syndrome3. The latter increases the 
risk of cardiovascular diseases, diabetes mellitus type 2, cancer, and cerebrovascular stroke4.

Besides its function as a lipid reservoir, visceral adipose tissue is also an active endocrine organ, producing and 
secreting various adipokines5,6 which do not only modulate adipogenesis, metabolism, and adipocyte function, 
but also affect appetite and satiety, adipose tissue distribution, insulin secretion and sensitivity, energy release, 
inflammation, blood pressure, homeostasis, and endothelial function6. In obesity, the normal adipokine secretion 
by adipocytes is affected, altering their homeostasis and inducing dysfunction; lipid and glucose metabolism 
are first affected, inducing a local IR, which then becomes generalized7,8. IR is induced by an alteration of the 
phosphorylation pathway of the insulin receptor substrate (IRS), in which serine and threonine residues are phos-
phorylated instead of the usual tyrosine residues; this results in an inhibition of the translocation of the Glucose 
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transporter type 4 (GLUT4) and the induction of glucose intolerance9–11. Hyperglycemia, increased levels of free 
fatty acids and pro-inflammatory cytokines, oxidative stress, and a constant administration of glucocorticoids like 
dexamethasone are known to induce IR9,12.

Adipocyte dysfunction, caused by increased free fatty acid levels, induces an interaction with complexes I 
and II of the respiratory chain, increasing the cellular concentration of reactive oxygen species (ROS) such as 
the superoxide anion radical (O2•−)13. In adipose tissues, oxidative stress promotes glucose and lipid oxidation, 
producing advanced glycation end-products (AGE) and lipid peroxidation end-products (LPE), respectively, 
which potentiate adipocyte dysfunction and obesity-related disorders14. On the other hand, oxidative stress 
induces the production of IL-1β, TNF-α and IL-6 in adipocytes1. These cytokines induce the infiltration of mac-
rophages with a type I phenotype and their activation in adipose tissues, which produce additional IL-1β along 
with adipocyte-secreted leptin, C-reactive protein (CRP), and resistin. These events potentiate the production of 
TNF-α and IL-6, inducing a low-grade, chronic inflammation also known as meta-inflammation5,15,16. In turn, 
these inflammation mediators can trigger oxidative stress and exacerbate adipocyte dysfunction16.

Cucumis sativus is a member of the Cucurbitaceae family; various species of this family have been used to con-
trol inflammation, oxidative stress, hyperglycemia, and dyslipidemia17–22. In a recent report, the ethanolic fraction 
of cucumber seed extract was able to reduce total serum lipid levels in a small cohort of adult patients with mild 
hyperlipidemia22. In addition, the C. sativus aqueous fraction (Aq-Cs) was found to decrease blood glucose levels 
in dietary obese mice, improving insulin sensitivity and inducing a regulatory environment in epididymal visceral 
and subcutaneous adipose tissue (data not published). However, its effect on adipocytes is unknown. The effect 
of the subfractions (SFs) SF1, SF2, and SF3 of the C. sativus aqueous fraction and their combinations on dysfunc-
tional 3T3-L1 adipocytes are reported herein.

IR was induced by dexamethasone and measured as the consumption of 2-deoxyglucose (2-DG) and the 
release of glycerol. Pro-inflammatory and pro-oxidant conditions were induced by IL-1β and evaluated by IL-6 
secretion and oxidative stress induction. Additionally, a surface response model, a mathematical/statistical tool 
used to analyze the interrelationship among several independent variables and their effect on one or more char-
acteristics of a process23, allowed us to determine the most effective subfraction combinations to control these 
parameters.

Results
Aq-Cs SFs did not affect adipocyte viability. Determining the effect of all SFs on adipocyte viability 
was a critical prerequisite to assess their capacity to control insulin resistance induced by dexamethasone and/or 
pro-inflammatory and pro-oxidant stress induced by IL-1β. As shown in Fig. 1, cell viability ranged from 74.4% 
to 100% in cultures treated with various SF concentrations (5, 10, 20, 40, and 80 μg/mL), with respect to metabol-
ically healthy adipocytes (adipocytes cultured with insulin 1 μM); in contrast, treatment with 60% DMSO caused 
a decrease of 89.5% in adipocyte viability with respect to healthy cells (P ≤ 0.05).

Treatment with dexamethasone 1 μM plus insulin 1 μM induced 3T3-L1 adipocyte dysfunction.  
The administration of glucocorticoids such as dexamethasone is a well-known cause of IR12,24, which is a key trait 
of adipocyte dysfunction. In adipocytes cultured with dexamethasone, IR is observed as a decrease in glucose 
consumption and/or the inability to store lipids. As shown in Fig. 2, dexamethasone 1 μM plus insulin failed to 

Figure 1. Effect of Aq-Cs subfractions on 3T3-L1 adipocyte cell viability. Cell viability was evaluated by the 
MTT assay after incubation for 24 h with the three subfractions at a concentration of 5, 10, 20, 40, or 80 μg/
mL, and with 60% DMSO. The percentage of viable cells was calculated by defining the viability of untreated 
cell as 100%. Cells treated with insulin 1 μM were used as a control. Results are expressed as mean ± SD of four 
independent experiments, *P ≤ 0.05 with respect to insulin-treated cells and were analyzed by ANOVA and the 
post-hoc Tukey-Kramer test, n = 6.
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Figure 2. Effect of dexamethasone on mature 3T3-L1 adipocytes. Mature adipocytes (day 8) were cultured 
for 24, 48, 60, or 72 h, either alone, with insulin 1 μM with or without dexamethasone 0.1 or 1 μM. 2-DG 
consumption (A) and glycerol concentration in culture medium (B), were evaluated. Results are expressed as 
mean ± SD, *P ≤ 0.05 with respect to cells treated with insulin 1 μM and were analyzed by ANOVA and the 
post-hoc Tukey-Kramer test, n = 6.

Figure 3. IL-6 (pg/mg protein) concentration in culture medium. Cells were left untreated or treated either 
with dexamethasone 0.1 or 1 μM (A), or with 1 ng/mL of IL-1β (B), with or without insulin. IL-6 (pg/mg 
protein) concentration was determined in culture medium at 24, 48, 60, and 72 h of culture. Results are 
expressed as mean ± SD, *P ≤ 0.05 with respect to cells treated with insulin 1 μM and were analyzed by ANOVA 
and the post-hoc Tukey-Kramer test, n = 6.
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alter the consumption of 2-DG (a glucose analog) after 24 h of incubation, while dexamethasone 0.1 μM plus 
insulin significantly decreased (14.3%, P ≤ 0.05) 2-DG consumption with respect to cells cultured with insulin 
1 μM only (Fig. 2A). After 48 h, a decrease (P ≤ 0.05) of 45.8% (0.1 μM) and 43.3% (1 μM) was observed with 
respect to control cultures. Finally, no significant differences were observed in 2-DG consumption with respect to 
control cultures after 60 and 72 h of incubation.

Glycerol concentration in the culture medium was another marker of adipocyte dysfunction. No significant 
differences were observed after 24 h of culture with insulin plus dexamethasone 0.1 μM or 1 μM (P > 0.05) with 
respect to control adipocytes (Fig. 2B). However, a significant increase (P ≤ 0.05) of 54%, 40.1%, and 25.2% was 
observed in cells treated with dexamethasone 0.1 μM plus insulin after 48, 60, and 72 h of culture, respectively. 
Glycerol release was increased by 67.8%, 63.4%, and 37.4% in adipocytes treated with dexamethasone 1 μM plus 
insulin compared to controls after 48, 60, and 72 h, respectively.

IL-1β induced an increase in IL-6 secretion and ROS production. Considering the capacity of dex-
amethasone to induce endothelial dysfunction, its capacity to induce a pro-inflammatory status and oxidative 
stress was assessed. However, it failed to induce a significant increase in IL-6 secretion with respect to control 
adipocytes at the times evaluated (Fig. 3A). A similar result was obtained in the quantification of O2•− (data not 
shown).

On the other hand, a significant, almost two-fold increase (P ≤ 0.05) in IL-6 secretion with respect to healthy 
cells was observed when adipocytes were cultured with IL-1β alone for 24 h (Fig. 3B). When insulin (1 μM) was 
added, a nearly 3-fold increase in IL-6 levels was observed. A similar effect was observed after 48, 60, and 72 h 
(2.1-/1.7-, 2-/1.3-, and 2.8-/1.4-fold increases, respectively).

Figure 4. Superoxide induction by IL-1β in 3T3-L1 adipocytes. Mature adipocytes (day 8) were cultured for 24, 
48, 60, or 72 h, either alone, with IL-1β, and/or insulin 1 μM. Microphotographs were taken in a spectrofluorometer 
under a 20X objective at 24 (A), 48 (B), 60 (C), and 72 h (D). The percent of DHE expression was determined (E) 
with the software MetaMorph v.6.1. Results are expressed as mean ± SD, *P ≤ 0.05 with respect to cells treated with 
insulin 1 μM and were analyzed by ANOVA and the post-hoc Tukey-Kramer test, n = 6.
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Figure 5. Effect of SF1, SF2, and SF3 Aq-Cs subfractions on 2-DG consumption and glycerol release. Mature 
adipocytes were cultured for 48 h with dexamethasone 1 μM plus insulin 1 μM. Then, the subfractions SF1, SF2, 
and SF3 were added at a concentration of 5, 10, 20, 40, or 80 μg/mL and incubated for a further 24 h period. The 
effect of the subfractions on 2-DG consumption (A) and glycerol concentration in culture medium (B) was 
evaluated. A response surface model was constructed to identify optimal combinations of subfractions at an 
effective concentration for 2-DG consumption (C) and glycerol release (D). Metformin and silymarin were used 
as controls. Results are expressed as mean ± SD, *P ≤ 0.05 with respect to cells treated with insulin 1 μM and 
were analyzed by ANOVA and the post-hoc Tukey-Kramer test, n = 6.

Treatment

SF1 SF2 SF3
2-DG 
consumption

Glycerol 
release

x1 x2 x3 Y (pmol/dL) Y (mM)

1* −1 −1 −1 149.5 2.1

2* −1 −1 0 126.5 1.8

3* −1 −1 1 162.4 1.5

4# 0 1 −1 194.9 1.6

5# 0 1 1 160.2 1.5

Table 1. Experimental results of the factorial fractional design. *1,2,3: x1 = ((X1 − 5)/2.5), x2 = ((X2 − 40)/20), 
x3 = ((X3 − 5)/2.5). #4,5: x1 = ((X1 − 40)/20), x2 = ((X2 − 40)/20), x3 = ((X3 − 20)/10).
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As shown in Fig. 4A,E, a significant increase (P ≤ 0.05) in DHE intensity (about 50%) was observed in adipo-
cytes treated with insulin or with IL-1β for 24 h, indicating higher O2•− levels. On the other hand, treatment with 
IL-1β for 48 h caused an increase of about 50% (P ≤ 0.05) in DHE intensity with respect to insulin-treated cells 
(Fig. 4B,E). After 60 h of culture, a similar increase of about 50% (P ≤ 0.05) in DHE intensity was observed in cells 
treated with insulin only, and also in those treated with IL-1β (Fig. 4C,E).

These results indicate that IL-6 secretion and ROS production were increased in adipocytes treated with 1 ng/
mL of IL-1β for 48 h. Therefore, this condition was selected to evaluate the capacity of SF mixtures to control these 
parameters.

Aq-Cs fractions reverse adipocyte dysfunction. Adipocyte dysfunction was induced by culturing mature 
adipocytes with dexamethasone 1 μM and insulin 1 μM for 48 h. The effect of Aq-Cs SF1, SF2, and SF3 was evalu-
ated by measuring glucose consumption and glycerol release compared to silymarin- and metformin-treated cells.

As shown in Fig. 5A, dexamethasone decreased 2-DG consumption by 70% compared to controls (P ≤ 0.05). 
Silymarin failed to induce a significant increase in 2-DG consumption, but metformin allowed adipocytes to 
consume 65% more 2-DG, a significant difference with respect to dexamethasone-treated cells (P ≤ 0.05). On 
the other hand, SF1 and SF3 induced 2-DG consumption, showing a bimodal effect; peak responses occurred 
when adipocytes were treated with 40 μg/mL of SF1 and 20 μg/mL of SF3. On the other hand, 2-DG consumption 
increased as the concentration of SF2 increased, being 40 μg/mL and 80 μg/mL the most effective concentrations, 
leading to an increase of 57% and 58.9%, respectively.

With respect to glycerol levels in culture media (Fig. 5B), adipocytes treated with insulin 1 μM only released 
3.7 mM of glycerol, while those treated with dexamethasone and insulin released 6 mM, a two-fold increase 
(P ≤ 0.05) compared to control cells. On the other hand, a significant decrease in glycerol concentration (1.5 mM, 
P ≤ 0.05) was observed in silymarin-treated cells; metformin-treated cells showed glycerol levels similar to 
healthy cells (P > 0.05).

SF1 and SF2 increased the release of glycerol in a dose-dependent manner. The most effective concentration 
of both SF1 and SF3 was 5 μg/mL, while a bimodal response was observed for SF2, for which a concentration of 
40 μg/mL kept glycerol concentrations near to the levels observed in controls (P > 0.05).

Combination SF1 (μg/mL) SF2 (μg/mL) SF3 (μg/mL)

M1 2.5 20 7.5

M2 2.5 20 2.5

M3 2.5 20 5.0

M4 40 60 30

M5 40 60 10

Table 2. Effective combinations according to the response surface model for 2-DG consumption and glycerol 
release.

Figure 6. Response surface plot. A response surface model was constructed to identify optimal combinations 
of fractions at an effective concentration. For this, combinations of the effective fractions were added to 
dysfunctional 3T3-L1 adipocytes and incubated for an additional 24 h. The effect of the combinations on 
the consumption of 2-DG (A) and the release of glycerol (B) was evaluated. The plot shows the effect of 
combinations of the effective fractions for both parameters.

https://doi.org/10.1038/s41598-019-49458-6
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2-DG consumption and glycerol release response surface model. To find the most effective mix-
tures of the selected SFs to regulate 2-DG consumption and glycerol release, a response surface model was con-
structed. The results of such model are shown in Table 1, and the combinations selected are shown in Table 2. 
The values obtained are comparable to those observed in controls (silymarin and metformin), >120 pmol/dL for 
2-DG consumption, and 1–4 mM for glycerol release.

Three-dimensional plots were obtained by calculating the surface response for 2-DG consumption and glyc-
erol release (Fig. 6A,B). As shown, the combinations causing a peak in 2-DG consumption were M4 and M5 
(Fig. 6A); these combinations kept glycerol levels in a range of 1–2 nM at the lower region of the surface model 
(Fig. 6B).

Combinations M4 and M5 reverse dysfunction induced by IL-1β. To determine whether the effective 
subfractions exhibit anti-inflammatory and anti-oxidant activity when administered together, the five combina-
tions obtained from the response surface model were experimentally evaluated on IL-1β-induced dysfunctional 
adipocytes.

Figure 7. Effect of the combinations of effective subfractions on IL-6 production and O2•− production. Mature 
adipocytes were cultured for 48 h either with 1 ng/mL of IL-1β or with insulin 1 μM. Then, the combinations 
M1, M2, M3, M4, and M5 of the effective fractions were added and incubated for a further 24 h period. The 
effect of the combinations assayed on IL-6 concentration (A), and O2•− levels (B,C) were evaluated. Metformin 
and Silymarin were used as controls. Results are expressed as mean ± SD. Microphotographs were taken in a 
spectrofluorometer under a 20X objective. *P ≤ 0.05 with respect to cells treated with insulin 1 μM and were 
analyzed by ANOVA and the post-hoc Tukey-Kramer test, n = 6.

Ion mode
Precursor 
peak (m/Z) Amino acid

Molecular 
formula

Positive 58.96 Glycine C2H5NO2

Negative 113.00 Asparagine C4H8N2O3

Positive 128.93 Lysine C6H14N2O2

Positive 157.97 Arginine C6H14N4O2

Positive 105.93 Serine C3H7NO3

Positive 73.84 Alanine C3H7NO2

Positive 117.96 Valine C5H11NO2

Positive 132.00 Leucine C6H13NO2

Positive 133.96 Aspartic acid C4H7NO4

Positive 147.96 Glutamic acid C5H9NO4

Table 3. Amino acids identified in the subfractions from Aq-Cs by mass spectrometry.

https://doi.org/10.1038/s41598-019-49458-6
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Treating adipocytes with IL-1β induced a significant increase (by almost 50%, Fig. 7A) in IL-6 concentration 
with respect to healthy adipocytes (P ≤ 0.05). The combinations M4 and M5, on the other hand, kept IL-6 concen-
trations close to the values observed in insulin-treated and silymarin-treated dysfunctional adipocytes (P > 0.05).

To evaluate the anti-oxidant capacity of the effective mixtures of Aq-Cs SFs, O2•− levels were determined 
in dysfunctional adipocyte cultures. As shown in Fig. 7B,C, adipocyte treatment with IL-1β caused a five-fold 
increase in O2•− levels with respect to insulin-treated adipocytes (P ≤ 0.05). Silymarin, a flavonoid with 
anti-oxidant activity25, decreased O2•− production by 82.5% (P ≤ 0.05). The combinations M4 and M5 showed 
a similar effect to that of silymarin; M1 and M3 decreased O2•− production by 88.6% and 92.7%, respectively, 
compared to IL-1β-treated adipocytes, although no significant differences compared to silymarin nor the combi-
nations M4 and M5 were observed (P > 0.05). These results indicate that the compounds in the mixtures M4 and 
M5 have both a significant anti-oxidant and anti-inflammatory capacity, similar to that of silymarin.

SF1, SF2, and SF3 contain amino acids. To identify the components in SFs that could be responsible for 
the observed biologic effects, thin-layer chromatography and mass spectrometry analyses with various amino 
acid standards were performed. The results (Supplementary Figs 1 and 2) indicate that amino acids are the major 
components of all subfractions. Positive ionization yielded few peaks with molecular weight of 58.96, 128.93, and 
157.97 Da, corresponding to glycine, lysine, and arginine, respectively; negative ionization yielded a peak with 
molecular weight of 113.00 Da, which corresponds to asparagine (Table 3).

Discussion
Recently it was demonstrated that aqueous soluble compounds from aerial parts of Cucumis sativus down regu-
lated the inflammatory and oxidative effects induced by Ang II in human endothelial cells26. In this study a similar 
process of elimination of less polar compound (ethyl acetate fraction) was used to obtain fractions SF1, SF2 and 
SF3. The effect theses mixtures of metabolites obtained from the Aq-Cs fraction, as well as of their combinations 
(M1-M5) was assessed on 3T3-L1 adipocytes (cell line which once differentiated to adipocytes in vitro can be 
used as a model of this cell type) in which dysfunction was previously induced by culturing them in the presence 
of either dexamethasone or IL-1β. Adipocyte dysfunction and IR were evaluated by the production of IL-6 and 
ROS like O2•− 13, as well as glucose consumption (measured as 2-DG)7, and the production and release of free 
fatty acids (measured as glycerol levels in culture medium)9.

Two IR inducers were used in this study, dexamethasone and IL-1β. Dexamethasone induces IR by altering 
the insulin signaling pathway by inhibiting phosphatidylinositol-3-kinase (PI3K) and serine/threonine protein 
kinase (Akt), thus preventing the translocation of GLUT4 to the cell surface, which leads to glucose intoler-
ance (a decrease in its consumption)27,28. On the other hand, dexamethasone also increases the activity of the 
hormone-sensitive lipase (HSL), which results in increased cell lipolysis and therefore in an increased release of 
glycerol and free fatty acids by adipocytes into the medium29,30. Dysfunctional adipocytes were used to evaluate 
the effect of the SFs and their combinations on 2-DG consumption and glycerol release (Fig. 2A,B).

In addition, being dexamethasone a synthetic glucocorticoid, acts as an anti-inflammatory, preventing the 
expression of IL-6 by binding and activating glucocorticoid receptors, which in turn bind specific NF-κB-binding 
sites in DNA, recruiting cofactors and modifying chromatin to prevent the expression of pro-inflammatory 
cytokines31; thus, in contrast with IL-1β, dexamethasone failed to increase IL-6 production (Fig. 3A).

On the other hand, inflammation and oxidant stress are closely related to IR, potentiating the dysfunctional 
status of adipocytes32. To induce both conditions, the cells were treated with IL-1β (Figs 3B and 4A–E), which: 
(1) Induces stress in the endoplasmic reticulum, leading to an uncoupling protein response (UPR), which in turn 
leads to the production of ROS33; (2) Increases the production of O2•− by mitochondria through a reduction cata-
lyzed by cytochrome oxidase34; (3) Activates the c-Jun N-terminal kinase (JNK) and IKK (an NF-κB inhibitor), 
thus favoring the pro-inflammatory status and increasing the secretion of cytokines like IL-631. IL-6 is regarded 
as a marker of adipocyte dysfunction, since it indicates a pro-inflammatory status of the cell35, and it is even a 
marker of adipocyte damage15,16. By itself, this interleukin potentiates cell dysfunction by increasing lipolysis and 
induces glucose intolerance in 3T3-L1 adipocytes36,37, favoring IR. This is in contrast with dexamethasone, which 
due to its anti-inflammatory activity does not modify IL-6 nor O2•− levels.

The three subfractions reversed efficiently dexamethasone-induced IR at the different concentrations eval-
uated, with no toxic effects for the cells (Fig. 1). One of the most abundant components in all SFs was glycine 
(Supplementary Fig. 2); this amino acid has been reported to favor glucose consumption by glucose-intolerant 
adipocytes, since it helps GLUT4 to reach the cell surface and perform glucose transport. Previous reports indi-
cate that glycine exerts these effects because it: (1) Acts in a similar manner as metformin, increasing the activity 
of AMP-activated protein kinase (AMPK) and therefore the expression of GLUT437,38; (2) Induces the expression 
of GLUT4 through PPARγ activation and adiponectin secretion39. On the other hand, glycine has also been 
reported to negatively modulate the expression and activation of lipoprotein lipase (LPL) and LSH40, thus con-
trolling lipolysis and the release of glycerol into the medium.

Another amino acid found in all three SFs is arginine, which is known to regulate lipolysis; arginine is the 
substrate for nitric oxide synthase (NOS) to produce nitric oxide (NO), which increases the expression of the 
PPAR-γ coactivator 1-alpha, which in turn regulates oxidative phosphorylation. On the other hand, ON regulates 
the expression of ROS (like O2•−) and AMPK, inducing glucose and lipid oxidation in adipose tissue and in liver 
and muscle41,42. Regarding the asparagine, the other amino acid found in the SFs, no reports have been found to 
date on anti-hyperglycemic, anti-inflammatory, or anti-lipidemic activity of asparagine, thus further studies using 
this amino acid alone would be convenient to perform in order to evaluate its properties in the above pathologies 
of the endothelial dysfunction. Since all three SFs were efficacious (although in differing concentration levels) to 
control glucose intolerance and lipolysis (Fig. 5A,B), a response surface model was used to determine the best SF 
combinations. This model is based on the analysis of the relationship between independent variables measuring 
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one or more characteristics of a process43; and it allowed us to select five combinations (M1-M5), which proved 
to induce a better control on 2-DG consumption and lower glycerol release (Table 1), being this effect even more 
efficient than with any SF alone (Fig. 5A,B).

These combinations were evaluated in their anti-oxidant and anti-inflammatory capacity; according to our 
results, two combinations (M4 and M5) exhibited anti-inflammatory effects (decreased IL-6 levels, Fig. 7A) and 
anti-oxidant effects (decreased O2•− levels) similar to those of silymarin, a flavonoid with well-documented 
anti-oxidant and anti-inflammatory activity44–46.

Our results indicate that combinations M4 and M5 not only were efficient to control inflammation and oxi-
dant stress, but also to increase the consumption of 2-DG and decrease glycerol release. Therefore, these com-
binations could control the IR that accompanies obesity, because it is related with the presence of oxidant stress 
and the secretion of IL-635,36. Glycine and arginine have been reported to decrease the expression of IL-6 and 
TNF-α mRNA, and therefore they have anti-inflammatory effects24. Additionally, glycine acts as an anti-oxidant 
by increasing the synthesis of glutathione, thus protecting cells from OS47. Arginine also plays a key role in regu-
lating OS, decreasing the levels of ROS and increasing the levels of anti-oxidant enzymes like superoxide dismu-
tase (SOD), glutathione peroxidase (GPX), and CAT in dysfunctional adipocytes25. Both amino acids increase the 
levels of copper/zinc-superoxide dismutase (Cu/Zn-SOD), an anti-oxidant enzyme capable of reducing superox-
ide ion to hydrogen peroxide48.

Considering that not all combinations were equally efficient to modulate dysfunctional adipocytes, the pro-
portion of their constituents is relevant. Thus, it is noteworthy that M4 and M5 were the combinations with the 
highest concentration of the tree subfractions, indicating the possible usefulness of the plant extract to control 
pathologies linked to metabolic syndrome.

Conclusion
We showed that subfractions SF1, SF2, and SF3 from the Cucumis sativus aqueous extract and their combinations 
M4 and M5 are effective to control dysfunction in 3T3-L1 adipocytes, induced either by dexamethasone or IL-1β. 
These two combinations proved to be promising candidates for an alternative treatment with anti-oxidant and 
anti-inflammatory effects, capable of inducing insulin sensitivity and regulate lipid metabolism.

Materials and Methods
Chemicals and reagents. Standards rutin, quercetin, glucose, valine, proline, glycine, arginine, leucine, 
asparagine, lysine, isoleucine, aspartate, and glutamate; reagents Naphthol, and aminoethanol dimethylb-
orate, 3-isobutyl- 1-methylxanthine (IBMX), dimethyl sulfoxide (DMSO), dexamethasone, insulin, 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl- tetrazoliumbromide (MTT), dihydroethidium (DHE), silimaryn, 
where obtained from Sigma-Aldrich (St. Louis, MO, USA). High-glucose Dulbecco’s Modified Eagle’s Medium 
(DMEM) and calf bovine serum were purchased from ATCC (Rockville, MD, USA). Reagents 4-hydroxyben-
zaldehyde and ninhydrin was from Merck Millipore (Burlington, MA, USA). The pierce Coomassie Bradford 
Protein Assay Kit, Fetal bovine serum (FBS), Gentamicin was obtained Thermo Fisher Scientific (Waltham, MA, 
USA). Reagents dichloromethane, methanol, ethyl acetate, glacial acetic acid, n-butanol, acetone, acetonitrile, 
sulfuric acid (H2SO4) were purchased from J.T. Baker (Madrid).

Plant material and Cucumis sativus fractions. Cucumis sativus aerial parts, including leaves, stems, and fruits 
were collected from a pesticide- and fertilizer-free edible crop in Xochitepec, Morelos, Mexico, in July-August. 
Plant material was identified by Biol. Margarita Avilés Flores and Macrina Fuentes Mata (Herbario del Jardín 
Etnobotánico del Instituto Nacional de Antropología e Historia, INAH, Morelos city). Voucher specimens were 
stored at this site for future reference (INAH-Morelos 3001). The plant material was kept away from light at room 
temperature (RT) and dried in an oven at 50 °C for 36 h, following a procedure previously described26. Extracts 
were obtained immediately after the material was completely dried. Dried plant material was ground in an electric 
mill to a particle size of 4 mm. This powder (1.12 kg) was extracted by a maceration process with an ethanol/water 
(60:40) solution at RT. The liquid extract was paper-filtered, concentrated in a rotary evaporator Laborota 4000 
(Heidolph, Germany) under reduced pressure at 50 °C. The semisolid extract was finally freeze-dried to obtain 
153 g of a dry green powder. The crude extract (50 g) was diluted in distilled water (500 mL) and partitioned with 
ethyl acetate (500 mL) in a separation funnel. The organic phase was discarded, and the volume of the aqueous 
fraction was reduced by low-pressure distillation to obtain a semisolid sample, which was finally freeze-dried to 
obtain 140 g of a green powder. This mixture (Aq-Cs, 35 g) was suspended in acetone (700 mL) for 24 h. Upon 
filtration, the soluble phase was concentrated and the solvent was completely removed by a distillation process 
under reduced pressure followed by high vacuum drying, in a rotary evaporator to obtain the subfraction SF1 
(3.2 g). The precipitate was resuspended in methanol (700 mL), obtaining a solution, which was then concentrated 
by low pressure distillation (subfraction SF2, 4.7 g), and a precipitate (subfraction SF3, 13.3 g).

Thin-layer chromatography. Chemical profile of subfractions SF1, SF2 and SF3, was performed using a 
thin-layer chromatography (TLC) assay which was developed both in normal- and in reverse-phase, following 
a procedure previously described26. Commercially available standards rutin, quercetin, glucose, valine, proline, 
glycine, arginine and leucine were used as references. Mixture of dichloromethane:methanol (7:3 v/v), ethyl ace-
tate:methanol:water:glacial acetic acid (7:2:2:0.5 v/v), n-butanol:acetone:glacial acetic acid:water (35:35:10:20 and 
70:70:20:10 v/v) and water:acetonitrile (7:3 v/v) were used as mobile phases. Once the plates were developed, 
spots were visualized with Naphthol for polysaccharides, 4-hydroxybenzaldehyde for flavonoids, aminoetha-
nol dimethylborate for flavonoids, or ninhydrin for amino acids, following the manufacturer’s instructions. The 
development was carried out on exposure of the plates to UV light (254 nm).
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ULPC-MS Analysis. To identify the bioactive compounds in SF1, SF2 and SF3, all three SFs were subjected to 
chromatographic analysis using an Acquity UPLC system (Waters, Milford, MA, USA), equipped with a quater-
nary pump and autosampler column oven. Liquid chromatography was performed at 30 °C, using an Acquity 
UPLC BEH 1.7 C18 column (2.1 × 10 mm × 1.7 mm i.d.). The column was eluted with a gradient system consist-
ing of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) at a flow rate of 0.3 mL/min. Mobile 
phase gradient was set at 100% A for 2 min and subsequently ramped to 100% B (curve 6) over 14 min, followed 
by a 1 min at 100% B before a rapid return to 100% A, and an equilibration period of 2 min. Run-to-run time 
was 20 min. Volume of injection was 5 µL. Mass spectrometry analysis was performed and analyzed in a triple 
quadrupole TQD mass spectrometer (Waters) through an electrospray Z-spray ion source, in ESI-positive mode. 
Source and desolvation temperatures were 150 and 450 °C, respectively. A combination of cone voltage of 20 V 
and capillary voltage of 2.5 kV was used. Nitrogen was employed both as desolvation gas and cone gas. Optimal 
detection conditions were determined by constant infusion of standard solutions (50 µM) in solvent. MS scan 
was performed using argon as the collision gas. Detection conditions were determined by constant infusion of 
standard solutions (50 µg/mL) in acidulated water (0.05% trifluoracetic acid). To identify the major amino acids 
contained in each fraction, commercial standards of glycine, arginine, asparagine, lysine, leucine, isoleucine, 
aspartate, and glutamate were used as chromatographic standards.

Cell culture. Murine 3T3-L1 fibroblasts were purchased from the American Type Culture Collection (ATCC 
CL-173; Rockville, MD, USA) and cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 10% calf bovine serum, 20 μg/mL of gentamicin and incubated at 37 °C, 5% CO2, for 48 h. At 
day two post-confluence, fibroblasts were differentiated into adipocytes with dexamethasone 1.0 μM, methyli-
sobutylxanthine 0.5 mM, and 1.0 μg/mL of insulin in DMEM plus 10% fetal bovine serum (FBS). Two days later, 
the medium was replaced by fresh DMEM plus 10% FBS and 1.0 μg/mL of insulin, and the cells were allowed to 
mature for 6 days. The cells were processed when 95% of them showed typical adipocyte traits (day 8)49.

Once adipocyte dysfunction was established as described below, five concentrations (5, 10, 20, 40, or 80 μg/mL)  
of the three Aq-Cs SFs (SF1, SF2, and SF3) were added to the culture and allowed to stand for 24 h. Either sily-
marin (50 μg/mL)50,51 or metformin (1 mM)52,53 were used as positive controls; previous reports have employed 
these molecules as standard drug: for silymarin as control of oxidative stress and the inflammatory condition 
induced by the presence of IL-1β45,46. For Metformin it was used as control of glucose consumption and the accu-
mulation of lipids in adipocytes, functions that were affected by the presence of dexamethasone27–30.

For cell viability and 2-deoxyglucose (2-DG) consumption assays, 1.5 × 103 adipocytes/well were seeded in 
96-well plates. To assess glycerol release, IL-6 concentration, and O2•− presence, 4.5 × 104 cells/well were cultured 
in 12-well plates and further processed (see below).

MTT assay. To assess the effect of Aq-Cs SFs on cell viability4, mature adipocytes were incubated for 24 h in the 
presence of different concentrations of the three Aq-Cs SFs (5, 10, 20, 40, or 80 μg/mL) diluted in DMEM plus 
10% FBS and insulin (1.0 μg/mL). Additionally, silymarin (50 μg/mL)50,51, metformin (1 nM)52,53, or DMSO (60%) 
were used as controls. After 24 h, the cells were incubated with 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium (MTT) at 37 C for 4 h. After incubation, 100 μL of 10% SDS-HCl 0.01 N (1:1) were added to 
each well, and the plates were incubated for 2 h at 37 °C. Absorbance was measured at 570 nm in a VERSAmax 
microplate reader (Molecular Devices, Sunnyvale, CA, USA). Viable cell percentage was calculated by defining 
cell viability in untreated samples as 100%.

Induction of adipocyte dysfunction. Mature adipocytes were incubated for 24, 48, 60, or 72 h with dexametha-
sone 0.1 μM or 1 mM44,54, either with or without insulin 1 μM. Some cells were cultured in the presence of 1 ng/mL  
of IL-1β31,33,34, for 24, 48, 60, or 72 h, either with or without insulin 1 μM, as an alternate method to induce adi-
pocyte dysfunction. Different cellular density values were employed, depending on the assay to be performed.

Deoxyglucose consumption. To select the most efficient conditions to induce adipocyte dysfunction and evaluate 
the effectiveness of various concentrations of Aq-Cs SFs to control metabolic dysfunction, 2-DG consumption 
was determined with the Uptake 2-DG kit (Sigma MAK083), following the manufacturer’s instructions55. Briefly, 
the cells were washed twice with phosphate buffer saline (PBS) and incubated in FBS-free DMEM for 4 h. The 

Variable

Levels

Symbols

Codifieda

−1 0 1

Glycerol release

SF1 X1 2.5 μg/mL 5 μg/mL 7.5 μg/mL

SF2 X2 20 μg/mL 40 μg/mL 60 μg/mL

SF3 X3 2.5 μg/mL 5 μg/mL 7.5 μg/mL

2-DG consumption

SF1 X1 20 μg/mL 40 μg/mL 60 μg/mL

SF2 X2 20 μg/mL 40 μg/mL 60 μg/mL

SF3 X3 10 μg/mL 20 μg/mL 30 μg/mL

Table 4. Experimental independent variables and levels used in this study. aCoded levels for the independent 
variables: maximum (1), intermediate (0), and minimum (−1). The amplitude of the outer levels was 50%.
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cells were washed three more times and incubated for 40 min in KRPH buffer (HEPES 20 mM, KH2PO4 5 mM, 
MgSO4 1 mM, CaCl2 1 mM, NaCl 136 mM, and KCl 4.7 mM) plus 2% BSA. Then, the cells were stimulated with 
insulin 1 μM for 20 min; 2-DG 10 mM was added, mixed, and incubated for 20 min. The cells were then lysed by 
a cold-heat cycle, and the assay buffer plus the enzyme mixture (Sigma, Cat. No. MAK083E) (8:2) was added; the 
plates were incubated at 37 °C for 60 min in the dark; then, extraction buffer was added and left to stand for 5 min, 
and the reaction was stopped by adding Reaction Mix B (53% glutathione reductase, 42% substrate-DTNB, and 
5% recycling Mix). The plates were thoroughly mixed, and absorbance was measured at 412 nm.

Glycerol release. To select the optimal conditions to induce adipocyte dysfunction and evaluate the effective-
ness of various concentrations of Aq-Cs SFs to revert dysfunction, glycerol concentration was quantified in the 
medium using the Colorimetric Assay Glycerol Kit (Sigma, Cat. No. MAK117)56. Briefly, 10 μL of culture medium 
for each treatment were transferred to 96-well plates, and 100 μL/well of the Master Reaction Mix was added; the 
plates were incubated for 20 min at RT, in the dark. Then, absorbance at 570 nm was measured.

IL-6 quantification in culture medium by sandwich ELISA. Adipocytes were treated for 24, 48, 60, or 72 h either 
with dexamethasone 1 μM or 1 ng/mL of IL-1β. After incubation, the culture medium was harvested, and IL-6 
concentration was measured by ELISA (OptEIATM BD, 555240, San Diego, CA, USA), following the manufactur-
er’s instructions26. Briefly, flat-bottomed ELISA 96-well plates were covered with the capture antibody and incu-
bated overnight at 4 °C in carbonate buffer 0.1 M (pH 9.6). Non-specific binding sites were blocked for 60 min at 
RT with 5% FBS in PBS. The samples were added, and the plates were incubated for 2 h at RT. Then, the plates were 
incubated with the HRP-conjugated detection anti-cytokine antibody for 60 min at RT. Tetramethylbenzidine was 
added as a substrate, and after 30 min of incubation at 37 °C, in the dark, the reaction was stopped with H2SO4 2 N. 
The absorbance was determined at 450 nm in a VERSAmax ELISA plate reader. IL-6 concentration was calculated 
as pg/mg protein based on a standard curve. Protein content was determined using the Bradford assay according 
to the manufacturer’s instructions.

O2
•−quantification. Superoxide anion (O2

•−) was detected using dihydroethidium (DHE), which is oxidized 
to ethidium57. Briefly, adipocytes were cultured in 12-well plates and incubated either with or without 1 ng/mL 
of IL-1β and/or insulin 1 μM for 24, 48, 60, or 72 h. DHE 20 μM was added five min before incubation time was 
completed. Then, the plates were washed three times with PBS. After adding DMEM plus 10% FBS, the cells were 
photographed in a Cytation 5 cell image multimodal plate lector (Biotek Instruments, Winooski, VT, USA) under 
a 20X objective and analyzed with the Gen 5 software. Fluorescence intensity was quantified with the MetaMorph 
image analysis software v.6.1 (Molecular Devices, Sunnyvale, CA, USA).

2-DG consumption and glycerol release response surface model. A 2-DG consumption and glycerol release 
response surface model was constructed to determine the most effective combinations of the SFs to control dys-
functional adipocytes and their concentrations23. In the experimental design, the effect of the variables X1, X2, 
and X3, which correspond to effective concentrations of SF1, SF2, and SF3, on two response variables, Y1 and Y2 
(2-DG consumption and glycerol release) was evaluated. The concentrations of the Aq-Cs SFs that most effi-
ciently increased 2-DG consumption were 40 μg/mL (SF1 and SF2) and 20 μg/mL (SF3), and the concentrations 
that most efficiently decreased glycerol release were 5 μg/mL (SF1 and SF3) and 40 μg/mL (SF2); therefore, these 
concentrations were used to define the three independent variables (Table 4).

A factorial design was adjusted to 23-1 quadratic polynomial models with five combinations in total (M1-M5). 
The variables were coded according to the following equation:

= − Δx X X X( )/ (1)i l I0

where xi is the codified value for the independent variable; Xi is the actual value of the independent variable; X0 
is the value of the independent variable at the central point, and Δxi is the incremental value of the independent 
variable.

The predictive model for the optimal point was expressed according to the following Eq. (2):

∑ ∑ ∑= + + +
= = < =

Y bo b X b X b X X
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where Yn are the response variables, b0 is the regression coefficient, and Xi is the coded level of each independent 
variable. Data were analyzed by applying the regression method for the response surface, using the software 
Minitab® v18.1. Three levels were coded for the independent variables: maximum, intermediate, and minimum, 
where the amplitude of the outer levels was 50%.

Statistical analysis. All measured parameters were compiled in Excel. Differences were tested by ANOVA 
and the post-hoc Tukey-Kramer test. Data were analyzed with the INSTAT 3 GraphPad software by uni- and 
multi-varied analyses. P ≤ 0.05 was regarded as statistically significant.

Data Availability
The material is held by the authors.
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