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Abstract: Background: Due to its prominence in the regulation of metabolism and inflammation,
adipose tissue is a major target to investigate alterations in insulin action. This hormone activates
PI3K/AKT pathway which is essential for glucose homeostasis, cell differentiation, and proliferation
in insulin-sensitive tissues, like adipose tissue. The aim of this work was to evaluate the impact
of chronic and intermittent high glucose on the expression of biomolecules of insulin signaling
pathway during the differentiation and maturation of human visceral preadipocytes. Methods:
Human visceral preadipocytes (HPA-V) cells were treated with high glucose (30 mM)during the
proliferation and/or differentiation and/or maturation stage. The level of mRNA (by Real-Time
PCR) and protein (by Elisa tests) expression of IRS1, PI3K, PTEN, AKT2, and GLUT4 was examined
after each culture stage. Furthermore, we investigated whether miR-29a-3p, miR-143-3p, miR-152-3p,
miR-186-5p, miR-370-3p, and miR-374b-5p may affect the expression of biomolecules of the insulin
signaling pathway. Results: Both chronic and intermittent hyperglycemia affects insulin signaling in
visceral pre/adipocytes by upregulation of analyzed PI3K/AKT pathway molecules. Both mRNA
and protein expression level is more dependent on stage-specific events than the length of the period
of high glucose exposure. What is more, miRs expression changes seem to be involved in PI3K/AKT
expression regulation in response to hyperglycemic stimulation.
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1. Introduction

It is believed that visceral adipose tissue (VAT) may play a key role in the development
of T2DM [1,2]. VAT surrounds the abdominal viscera in the mesentery and omentum. It
produces and releases a large number of adipocytokines that influence both VAT and
other tissues [2,3]. It is suggested that hyperglycemia (HG), a typical marker of diabetes
causing nutrient stress, may alter the production of adipocytokines and change biochemical
pathways including insulin signaling [3,4]. It was demonstrated that during chronic HG
(CHG), adipocytes (Ads) are not capable of storing energy excess and the process of
new Ads formation, adipogenesis (ADG), is interrupted [5]. As a result, hypertrophy
of Ads occurs making them dysfunctional and exhibiting insulin resistance phenotype.
Furthermore, it is suggested that similarly to CHG, intermittent HG (IHG) is also involved
in Ads formation abnormality and, as a result, in the progression to T2DM. Recent data
indicate a prominent role of epigenetics in this process [6,7].

In insulin-sensitive cells (Ads, myocytes, hepatocytes) insulin signaling has been impli-
cated in several cellular processes such as proliferation, differentiation, and metabolism [8].
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In Ads, the insulin-dependent PI3K/AKT pathway is a positive regulator of terminal
differentiation and a crucial player in metabolic response to high-glucose levels. Attach-
ment of the insulin to its receptor (insulin receptor-INSR) activates the pathway. This is
followed by the insulin receptor substrate (IRS) phosphorylation. There are 6 isoforms of
IRS, however, in Ads, IRS1 is suggested to play a major role [9]. IRS binds to the kinase
regulatory subunit of PI3K (PI3K-R), the central molecule of the pathway. This, in turn,
causes activation of the catalytic PI3K (PI3K-C) subunit that converts phosphatidylinositol
(4,5)-biphosphate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3) [8]. The main
insulin pathway regulator, PTEN, (phosphatase and tensin homolog), inhibits further
signal transduction by PIP3 dephosphorylation [10]. PIP3 recruits AKT kinase and its
activators: PDK1 (phosphoinositide-dependent kinase-1) and mTORC2 (mammalian target
of rapamycin 2) to the cell membrane [8,11]. Active AKT is one of the key downstream
molecules of insulin signaling controlling many cellular processes. Among the isoforms of
AKT, AKT2 is expressed predominantly in insulin-sensitive tissues [12]. In Ads, AKT2 con-
trols glucose uptake by phosphorylation of AS160 substrate protein. This in turn promotes
GLUT4 translocation to the cell membrane. Cell surface externalization of GLUT4 allows
glucose to be transported through this protein into Ads. Furthermore, AKT is established
as an essential player in Ads differentiation in mouse embryonic fibroblasts and 3T3-L1
preadipocytes (pAds) [13]. AKT has been shown to regulate ADG via interplaying with
the mTOR signaling pathway which promotes lineage commitment, clonal expansion, and
terminal differentiation of pAds to mature Ads [14]. What is more, AKT2 has been shown
to regulate ADG also by targeting FOXO1 (forkhead box-O1) and inhibiting its transcrip-
tional activation. FOXO1 regulates the expression of peroxisome proliferator-activated
receptor gamma (PPARγ) and CCAAT enhancer-binding proteins (C/EBPs), two critical
transcriptional regulators of ADG [15].

Along with recent studies suggesting that Ads may possess the memory of expo-
sure to environmental factors, Ads may preserve the one of exposure to HG (CHG and
IHG) [5,7,16]. This allowed us to hypothesize, that as a result of high-glucose stimulus
Ads may exhibit not fully reversible changes in the expression of biomolecules involved in
insulin signaling. What is more, since HG has been recognized as a factor strongly influ-
encing epigenetic regulatory mechanisms (DNA methylation, histones methylation, and
acetylation, miRs, lnc-RNAs) in VAT, we speculated that one of the possible mechanisms
underlying these changes may occur via miRs’ expression modulations. MiRs constitute a
class of short non-coding RNAs that evoked translational repression by mRNA degradation
and as a result, impact the level of specific proteins. They exhibit the unique ability to
have multiple targets and thus, one miR can regulate a large number of protein-coding
genes (Table 1). Furthermore, miRs expression changes are suggested to be involved in the
pathophysiology of various diseases, including metabolic disorders [17–19].

Table 1. Analyzed miRs associated with their target genes of insulin signaling.

Mir Target Genes References

29a-3p IRS, AKT, PI3KR, PTEN, GLUT4 [18,20–28]
143-3p AKT, GLUT4 [18]
152-3p IRS, PTEN [29,30]
186-5p PI3KR, PTEN [31,32]
370-3p IRS [33]

374b-5p IRS, PI3KC, PTEN [34–37]

This in vitro study aimed to evaluate whether CHG and IHG affect biomolecules
such as IRS1, PI3K, AKT2, PTEN, and GLUT4 in visceral p/Ads during the ADG at both
the mRNA and protein level. Moreover, we determined the expression of miR-29a-3p,
miR143-3p, miR-145-5p, miR-152-3p, miR-186-5p, miR-370-3p, and miR-374b-5p, indicated
as epigenetic regulators of the expression of the tested biomolecules of insulin signaling
(see Table 1).
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2. Results
2.1. Evaluation of the Gene Expression Profile of Insulin Signaling Pathway Molecules under CHG
and IHG

Analyzing changes of mRNA expression that occurred in the insulin signaling path-
way during in vitro ADG in chronic normoglycemic (NG) conditions (Figure 1), we noted
expression alterations in the PI3K-R and AKT2. In the case of AKT2 expression decreased at
subsequent stages of ADG (most apparent after the maturation stage), while the opposite
trend was observed for PI3K-R (significant increase after maturation). This may imply both
of these molecules to be the signaling node that is crucial for ADG [38]. ADG in CHG
evoked mRNA changes in PTEN and GLUT4 (Figure 1). Namely, their expression was
stable during proliferation and differentiation and increased after achieving the mature
stage. Comparing ADG in CHG to NG, the expression of two vast molecules IRS1, and
GLUT4 was significantly elevated in mature Ads (NNN vs. HHH).

To conclude, during the process of ADG in NG and HG we observed that mRNA
expression mostly changed after the maturation stage. None of the molecules differed in
expression between pAds and differentiated cells considering both NG and CHG. Taking
all into account, these observations may suggest that effects of high glucose do not manifest
until cells reach maturity. This type of response of Ads to HG may suggest the occurrence
of the phenomenon of the so-called metabolic memory. IHG also evoked alterations in
mRNA expression of analyzed molecules (Figure 1). The stimulus introduced individually
(single HG hit) in differentiated Ads caused alterations only in PTEN expression in the HN
variant (rise in comparison to NN, downregulation in comparison to HH). When HG was
introduced at the differentiation stage (NH) we did not observe any expression changes of
the studied genes.

Considering single HG hit in mature Ads, HG had the weakest impact when intro-
duced during the maturation phase. In this scenario, the expression profile was similar to
the NNN variant. Interestingly, both HNN and NHN variants showed significant upregu-
lation of GLUT4 comparing to the NNN probe. Furthermore, HG hit introduced during the
differentiation stage resulted in a PI3K-R increase in mature Ads.

Variants treated with double HG hit were compared both to probes treated with NG
and CHG. In comparison to NNN cells, we revealed increased PI3K-C expression when
HG was maintained during proliferation and differentiation (HHN). Furthermore, we also
noted a pronounced increase of IRS1 and PI3K-C expression in NHH-treated cells.

While comparing double HG hit-treated cells to HHH variant, mRNA level drop was
found for IRS1, PTEN, GLUT4, and mRNA level rise for PI3K-C. In the case of the HNH
variant, we observed a decline in IRS1 and GLUT4 expression. The HHN probe displayed
a similar expression profile as was observed for NHH one. For both variants, we noted the
increased expression of PI3K-C and decreased expression of PTEN.

To summarize, IHG had an impact on each analyzed molecule, except for AKT2 which
maintained a stable level. Moreover, even after glucose level normalization, the expression
profile of insulin pathway biomolecules remained changed, especially in mature Ads. This
may suggest that the effects of HG may be delayed (changes are not visible in differentiated
Ads, but are marked in mature cells).

2.2. Evaluation of Insulin Signaling Proteins Expression during ADG in CHG and IHG

Figure 2 shows changes in insulin pathway proteins’ expression during ADG in NG
and CHG. We observed that during ADG in NG PI3K and IRS1 revealed the highest
expression after completion of differentiation stage, then it dropped significantly after
maturation. The expression of AKT2 decreased significantly after the maturation stage.
PTEN and GLUT4 expression were picking up after each phase, reaching the highest level
after cell maturation.
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Figure 1. mRNA expression levels of IRS1, PI3KR, PI3KC, PTEN, AKT2, and GLUT4 evaluated after completion of
proliferation, differentiation, and maturation of visceral cellscultured in chronic/intermittent normoglycemic (N) and
hyperglycemic (H) conditions. Data are expressed as mean ± SEM in green (NG), red (chronic HG), dark grey (single HG
hit), and light grey (double HG hit). Differences in expression levels between two particular culture variants were evaluated
using a two-tailed t-test. One-way ANOVA with a post-hoc Tukey test was used for the calculation of statistical significance
of changes observed during ADG in NG and HG. (***): p ≤ 0.001; (**): p ≤ 0.01; (*): p ≤ 0.05.
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Figure 2. Protein expression profiles of IRS1, PI3K, AKT2, GLUT4, and PTEN were evaluated after completion of prolifera-
tion, differentiation, and maturation of visceral cells cultured in chronic/intermittent normoglycemic (N) and hyperglycemic
(H) conditions. Data are expressed as mean ± SEM in green (NG), red (chronic HG), dark grey (single HG hit), and light
grey (double HG hit). Differences in expression levels between two particular culture variants were evaluated using a
two-tailed t-test. One-way ANOVA with a post-hoc Tukey test was used for the calculation of statistical significance of
changes observed during ADG in NG and HG. (***): p ≤ 0.001; (**): p ≤ 0.01; (*): p ≤ 0.05.

Considering ADG in CHG, GLUT4 expression was maintained at a stable level during
the whole process. IRS1 exhibited the highest protein level after Ads differentiation. For
both PI3K and AKT2 protein level was stable during 1st and 2nd stage, and after maturation,
their expression significantly decreased. PTEN exhibited a similar trend during ADG to the
one in NG conditions, being shown as a gradual expression increase after each ADG stage.
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Analyzing differences between ADG in CHG and NG, we observed PI3K, GLUT4, and
PTEN protein expression alterations. In the case of PI3K, significant down-expression was
observed after the differentiation stage (HH vs. NN). It seems that more susceptible to the
influence of increased glucose concentration was PTEN protein expression, where changes
were visible both after the proliferation stage (rise in comparison to N) and differentiation
(drop in comparison to NN). CHG-treated cells had a significantly higher level of GLUT4
protein at each stage than cells grown in NG. As GLUT4 is considered as a marker of ADG,
this may suggest that HG accelerated differentiation.

Alterations in insulin signaling proteins expression caused by IHG are shown in
Figure 2 (black and grey bars). The analysis of a single HG stimulus on differentiated Ads
(HN, NH variants) revealed that expression fluctuations in almost all analyzed molecules
(except for IRS1). PI3K protein level distinctly dropped in both HN and NH variants in
comparison to NN. For AKT2, there were no changes in protein level in comparison to the
NN, however, a significant reduction was observed in HN and NH in relation to HH. Taking
into account the changes occurring within the GLUT4, we noted a similarity between HN
and HH variants as well as NH and NN variants. This supports the hypothesis that the
effects of HG may be postponed. PTEN protein expression decreased in NH variant (vs.
NN) and increased in HN one (vs. both NN and HH).

Next, we analyzed variants of mature Ads treated with a single HG stimulus (HNN,
NHN, NNH) in comparison to NNN. We found that, when HG was introduced at the
maturation stage (NNH), the expression of IRS1 and GLUT4 was dropped. On the other
hand, HNN and NHN variants showed over-expression of PI3K and GLUT4 protein. What
is more, the NHN variant additionally exhibited PTEN down-regulation.

Afterward, we considered how the doubled stimulation of visceral cells with HG
differed from NG milieu. These conditions resulted in PTEN protein (HNH and NHH) and
GLUT4 protein expression drop (HHN).

Lastly, we compared double HG-hitted mature Ads (HNH, HHN, NHH) with variants
treated with CHG (HHH). In this part of our experiment, significant changes were noted
for PTEN and GLUT4 protein expression. Analyzing PTEN, we observed an expression
decrease in NHH. Considering GLUT4, HHN, and NHH variants showed down-regulated
protein expression. Interestingly, the HNH variant exhibited the same protein expression
profile for each of the analyzed molecules as cells treated with CHG (HHH).

In conclusion, the most significant changes caused by the IHG occurred when a single
hit of HG was introduced (at any stage). Double HG-hit resulted in alterations only in
downstream molecules (GLUT4 and PTEN). Furthermore, the IRS1 and the AKT2 seemed
to be the least sensitive to IHG stimulus.

2.3. Expression of Selected miRs That Target Insulin Signaling Pathway Molecules during ADG in
CHG and IHG

The apparent differences between expression at the mRNA and protein levels indicate
the existence of other mechanisms involved in the expression regulation of biomolecules of
the insulin pathway. Therefore, we decided to check whether miRs that target mRNAs of
IRS, AKT, PI3KR, PTEN, GLUT4 (see Table 1) are under influence of CHG and IHG.

Among the molecules tested, during ADG in NG conditions significant expression
changes were observed only for miR-29a-3p and miR-370-3p (Figure 3). Expression of
these molecules was the highest after the proliferation stage, then dropped, and remained
unchanged in differentiated and mature Ads. As shown in Table 1, miR-29a-3p targets each
of the analyzed genes of insulin signaling. Its expression profile during NG may partially
explain divergences between mRNA and protein levels of PI3K, GLUT4, PTEN. For these
molecules, we observed an increase in protein expression between the 1st and 2nd stages,
however, this trend was not observed at the mRNA level. Furthermore, miR-29a-3p targets
AKT2 and its expression changes during ADG may explain why the protein level of AKT2
was stable between NN vs. N, while at mRNA level, we observed significant differences.
Although miR-370-3p is suggested to target IRS1, its expression changes during ADG did
not reflect mRNA-protein discordances in our experimental design.



Int. J. Mol. Sci. 2021, 22, 7712 7 of 16

Figure 3. Expression profiles of miR-29a-3p, miR-143-3p, miR-152-3p, miR-186-5p, miR-370-3p and miR-374b-5p evalu-
ated after completion of proliferation, differentiation, and maturation of visceral cells cultured in chronic/intermittent
normoglycemic (N) and hyperglycemic (H) conditions. Data are expressed as mean ± SEM in green (NG), red (chronic HG),
dark grey (single HG hit), and light grey (double HG hit). Differences in expression levels between two particular culture
variants were evaluated using a two-tailed t-test. One-way ANOVA with a post-hoc Tukey test was used for the calculation
of statistical significance of changes observed during ADG in NG and HG. (**): p ≤ 0.01; (*): p ≤ 0.05.

The expression profile of miR-370-3p under CHG exhibited a similar pattern as during
ADG in NG. It also corresponded to observed IRS1 protein down-regulation in pAds in
comparison to differentiated Ads, which was not seen at the mRNA level. Furthermore,
CHG resulted in higher expression of miR-374b-5p after the completion of differentiation
in comparison to expression level after other stages. This may be connected with PI3K
protein drop in mature Ads (not observed at mRNA level) and weakened PTEN protein
expression in differentiated Ads in comparison to mRNA level.
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Comparing ADG in NG and CHG, we observed that HG resulted in the down-
expression of miR-29a-3p after the proliferation step. This expression change may partially
correspond to both AKT2 and GLUT4 inconsistencies in mRNA-protein correlation at this
point of ADG (H vs. N). Moreover, CHG evoked an expression drop of miR-152-3p and
miR-186-5p in mature Ads (in comparison to NNN). Although miR-152-3p is suggested to
target IRS and PTEN, in our experiment, these miR changes do not seem to be connected
with their expression. On the other hand, the observed change in miR-186-5p level may to
some extent be linked with PTEN expression.

In Figure 3, we present how IHG affected analyzed miRs expression. Not all con-
sidered molecules responded to periodic changes of glycemic conditions (no changes in
the case of miR-29a-3p, miR-186-5p, and miR-370-3p). However, in differentiated Ads,
when HG was introduced during differentiation (NH), we observed down-regulation of
expression of miR-143-3p (comparing to variants treated with NG) and miR-374b-5p (in
comparison to HH). Although both of these miRs target insulin signaling genes (Table 1),
their expression changes during ADG in IHG did not support their post-transcriptional
control of these genes. What is more, in mature Ads, we noted a decrease of miR-152-3p
in NHN and NHH variants vs. NNN, which may to some extent be a reason for IRS1
differences in mRNA and protein expression.

To sum up, the obtained data suggest that the studied miRs at least partially regulate
the analyzed insulin pathway molecules. MiR-29a-3p seems to be a crucial one for the
physiological process of ADG by regulating the expression of almost all analyzed molecules.
What is more, miR-29a-3p is a well-known T2DM-related miR. In our research, miR-29a-3p
may to some extent be responsible for expression alignment between cells cultured in NG
and CHG, thus suggesting its key role as an insulin signaling regulator. Furthermore, only
expression changes of miR-374b-5p, miR-186-5, and miR-152-3p can be, to some extent,
related to predicted earlier gene expression changes in Ads in response to HG. Finally,
although not all observed in our study changes in miR expression may be connected with
expression changes of analyzed insulin signaling genes, they still seem to be involved in
the response of Ads to HG.

3. Discussion

The main goal of our study was to explore whether and how CHG and IHG affect
the expression of chosen molecules involved in the PI3K/AKT pathway on each step of
visceral ADG. As a point of reference, we assumed changes occurred during ADG in NG.

3.1. ADG in CHG

The association between HG and its connection to the insulin-signaling pathway
dysfunction in multiple tissues is well described [2,4,10,39,40]. High glucose concentra-
tions may alter insulin signaling in Ads, myocytes, hepatocytes, and endothelial cells
(ECs). Subsequently, these changes may lead to reduced AKT activity resulting in the
inhibition of GLUT4-mediated glucose influx [41–43]. Although glucose uptake in these
tissues occurs also through GLUT-1, which provides constitutive insulin-independent
glucose uptake, attenuation of downstream insulin signaling at PI3K/AKT in these tissues
has been implicated in the development of insulin resistance and T2DM. What is more,
PI3K/AKT also plays a crucial role in regulating many physiological cellular processes,
and its impairment results in, among others, deterioration of cell differentiation [13,44,45].
To our best knowledge, it is the first study that explored how HG affects this pathway in
human visceral Ads during the terminal ADG process.

We previously [5] demonstrated that the high-glucose level impairs the ADG, signifi-
cantly accelerating the process and resulting in morphological changes in Ads formation [5].
It is therefore not surprising that analyzed conditions also caused changes in insulin signal-
ing, which, apart from the metabolic response, is closely related to Ads differentiation. In
earlier studies on AT and skeletal muscle, the expression of PI3K/AKT molecules under the
influence of HG was downregulated [46,47]. In muscles in response to HG IRS1 was found
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to be down-regulated along with distraction of insulin signaling [47]. In isolated rat’s Ads,
CHG in the presence of insulin diminishes glucose transport and this effect appears to be
associated with a post–insulin receptor dysfunction, but without detectable changes in total
expression of GLUT4 [48,49]. Intriguing is, therefore, that our research demonstrates that
CHG resulted in particular mRNA (IRS1, PI3K-R, GLUT4) overexpression in comparison to
ADG under physiological conditions. It may result in enhanced glucose uptake and lipid
droplet accumulation, and as a consequence, increased cell size which was noted in our
previous study [5]. The only decrease in mRNA was observed in AKT2 expression after
proliferation, but this effect was not observed at the protein level. This ties well with earlier
findings where total AKT protein was not significantly altered in HUVEC cultured in HG
compared with 5 mM D-glucose [41]. In the paper cited above, also total PI3K expression
was not changed by HG, but in our experiment, we observed PI3K drop in differentiated
Ads. The disparity in obtained results may be explained by several differences in experi-
mental design and tissue specificity. Especially it is worth mentioning that in HUVECs,
PI3K/AKT signaling plays a crucial role in survival, proliferation, microvascular perme-
ability, and angiogenesis but not in glucose uptake. In HUVECs, GLUT4 is not expressed,
and glucose transport is carried out through GLUT1 which is insulin-independent [41,50].

The results of our study indicate down-regulation of pathway inhibitor, PTEN, in
response to CHG at all stages, with additional significant up-regulation of GLUT4 produc-
tion. Obtained during our study data prevents us from concluding that in our research
we are dealing with a weakened insulin signal in newly formed Ads in CHG conditions.
Based on our research, we may imply that Ads can adapt to long-term HG stimulus by
enhancing insulin signaling. A similar observation has been noted by Laybutt et al. [51].
They concluded that chronic glucose infusion results in enhanced AT glucose uptake,
lipogenesis, and insulin action in rats [51]. Moreover, our data suggest that HG alone
(without additional insulin stimulation) may not be enough to evoke a cellular insulin
resistance state in Ads. This ties well with the fact that AT is a main player during metabolic
adaptive processes, and (in contrary to other insulin-sensitive tissues, like muscle) can
rapidly remodel in response to environmental inputs [51,52]. On the other hand, it is
possible that the pathway impairment mechanism does not involve expression inhibition
of insulin-related genes, but only their activity or cellular localization, as was observed
in HUVECs [41]. What is more, knowing that HG accelerates ADG and lipid droplets
formation (already visible at the stage of proliferation, what was shown in the previous
study), high expression of GLUT4 at each stage confirms our conclusion that GLUT4 may
be an indicator of Ads maturity [5]. Furthermore, our results support the hypothesis that
HG enhances the ADG process at least partially through an increase in the expression of
the PI3K/AKT-dependent pathway [53].

Finally, among analyzed miRs, miR-370-3p and miR-374b-5p expression changed
during ADG in CHG. MiR-370-3p is suggested to be an important predictor of metabolic
syndrome presence [17]. The dysregulation of miR-374b-5p has been implicated in sev-
eral disorders, including obesity, calcific aortic stenosis, and ischemic stroke [54]. Their
expression ties well with observed protein-mRNA changes of their target genes (IRS1, PI3K,
PTEN) in our research. What is more, miR-29a-3p may play an important role in blocking
the effect of HG on Ads. MiR-29a-3p is a well-known T2DM-related miR and it has been
suggested to interact with all analyzed insulin signaling molecules (Table 1). Its expression
increases in AT and Ads upon diabetes and HG. In earlier studies, exposure of 3T3-L1 Ads
to increasing glucose concentrations (up to 25 mM) resulted in an overall overexpression
of miR-29a when compared with control (5 mM) [18]. Our results reveal a contrary trend
(however only in pAds). This effect points out variation in molecular response to stimulus
between different cell lines. Overall, our findings are in accordance with accumulating
evidence suggesting the possible regulatory role ofmiRs in multiple processes involved in
obesity, including pAds ADG and insulin sensitivity [19]. What is more, our results imply
that miR-29a-3p, miR-370-3p, and miR-374b-5p may be involved in insulin sensitivity and
insulin signaling.
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3.2. ADG in IHG

The previous research on HG effects mostly focused only on the effect of CHG. In
fact, there is also another important phenomenon of the repeated fluctuation in blood
glucose.IHG may be followed by pathological changes which are even more deleterious
than ones caused by CHG [55–57]. This effect is usually connected with the fact that
exposure to IHG induces a metabolic memory [58,59]. Obtained results are, for our best
knowledge, the first to show the role of an IHG on PI3K/AKT pathway molecules in
visceral Ads. This data may give a preliminary image of metabolic memory of pathological
changes which occurred as a result of HG.

Similar to the effect of CHG, periodic stimulus resulted mostly in mRNA expression
upregulation. These results stay contrary to the earlier findings of Meugnier et al. They
have demonstrated that IHG induces a global downregulation of gene expression in
subcutaneous AT, including insulin signaling molecules like AKT2 [46]. However, observed
differences may be explained by differences in the analyzed material. The increased
expression seems to be a characteristic response of visceral Ads for HG stimulus. What
is more, expression alterations were seen not only after the particular stage during which
HG was introduced, but even after glucose normalization. Further, the effect seems to
be postponed in time (alterations are significant mostly one stage after introducing HG).
Overall, our data are in accordance with findings reported by Andersen et al. [16] and
partially support our earlier findings [5,7,60] that visceral Ads exhibit signs of metabolic
memory. Obtained results suggest that miR-143-3p, miR-374-5p, and miR-152-3p may take
part in preserving toxic effects of HG in Ads, however, the expression only of miR-152-3p
may be related to genes analyzed in our study. Collectively, these results demonstrate that
mentioned miRs are involved in insulin sensitivity and insulin signaling regulation while
being directly or indirectly modulated in vitro by IHG.

Furthermore, considering protein expression data of insulin signaling molecules,
it should be pointed out that PI3K and AKT2, the crucial molecules for differentiation,
were strongly affected by IHG. Moreover, IHG has a more substantial impact on AKT2
expression than CHG, thus supporting the hypothesis of metabolic memory in Ads. These
results partially tie with studies on heart tissue, which show that fluctuating blood glucose
has a more significant impact on the decreased level of p-AKT expression than stable HG
level. On the other hand, the aforementioned study showed that total AKT was stable
under both CHG and IHG [61].

Finally, it is worth mentioning, that IHG not always affected Ads. NNH and HNH
showed no significant changes in comparison to NNN (mRNA), suggesting that HG has
a crucial impact when introduced during the differentiation stage. Taken together, our
results, both at the mRNA and protein levels, imply that the expression level of analyzed
molecules is more dependent on stage-specific events than the length of the period of
HG exposure.

3.3. Study Limitations

There are few major limitations of this study that could be addressed in future research.
First, it should be noted that our study provides only a preliminary in vitro effect of CHG
and IHG on the PI3K/AKT pathway in visceral Ads. In order to perform an in-depth
analysis, the functionality of the tested molecules should still be checked.

Secondly, we need to clarify that obtained data cannot be considered as an analysis
of insulin signal transduction. As most of the molecules in insulin signaling are kinases,
the next step should be to study the phosphorylated forms of the protein. Moreover,
despite the demonstrated increased expression of GLUT4, transport of glucose into the
Ads occurs only when GLUT4 is present at the cell membrane, so its localization in the cell
should be investigated as well. We also need to add that beyond miRs, there are several
different epigenetic (for example, lncRNAs, which also affect miRs or RNA methylation)
mechanisms which may be a potential reason for mRNA-protein expression divergences.
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Also, numerous post-transcriptional and translational mechanisms may influence the
efficiency of translation.

Lastly, cells used in this research were obtained from donor of unknown post- and
prenatal history of exposure to metabolic stressors. Moreover, we did not start differ-
entiation protocol from mesenchymal stem cells, whose pool is preserved much longer
than this of committed pAds, which make them particularly sensitive to various stimuli
throughout life. Therefore, we believe, that to obtain further support for the existence of
metabolic memory in Ads, our study design should be implemented on adipose-derived
mesenchymal stem cells from many donors, such as normoglycemic, insulin-resistant,
prediabetic, and diabetic ones.

3.4. Overall Conclusions and Clinical Output

Our research clearly shows that HG is a strong stimulus for the insulin pathway in
visceral Ads. Moreover, it points that GLUT4 expression is strongly correlated not only
with HG stimulus but also with ADG progression. All together, obtained data suggest a
critical role of GLUT4 in proper Ads formation and glucose homeostasis. What is more,
the present findings confirm that each of the analyzed PI3K/AKT pathway molecules has
been modulated during ADG and the whole pathway is tightly connected with human
visceral ADG. Therefore, it should be pointed out that, analyzed molecules are targets not
only of insulin signaling but also of the multiple pathways connected with proliferation,
ADG, inflammation, lipid synthesis, and gene expression regulation [8,40]. A particularly
interesting area for future research seems to be an investigation of a cross-talk between
PI3K/AKT molecules’ expression changes presented in this paper and molecules of other
pathways, including meta-inflammation. Due to the fact that meta-inflammation not only
initiates abnormal development of Ads mediated at least partially, through WNT/β-catenin
signaling, but also leads to the activation of serine kinases, including c-jun N-terminal
kinase (JNK), which disrupt downstream insulin signaling [62,63]. Crucial role in meta-
inflammation play pro-inflammatory cytokines (like TNF-α, IL-1, IL-6) and inflammasomes
(like NLRP3) [4,64].

Furthermore, our results emphasize the importance of maintaining normoglycemia.
Even though presented results show in vitro effects in Ads, they may suggest to some
extent the importance of avoiding glycemic fluctuations and maintaining healthy body
weight. Especially important seems to be the reduction of VAT mass. This stays in line with
earlier findings which show that due to the fact that an excess of VAT may not significantly
affect the BMI and waist circumference measurement, there is a subgroup of obese patients
which are characterized by a normal weight and increased risk of T2DM development,
dyslipidemia, and fatty liver disease (metabolically obese, normal weight phenotype of
obesity) [65].

Lastly, our study may provide some novel information associated with metabolic
memory, an epigenetics-based mechanism of maintaining the effect of HG. Recent data sug-
gest that miRs are involved in Ads development and obesity-associated insulin resistance.
Our results also indicate a strong influence of miR molecules on insulin signaling, thus
suggesting some new promising potential biomarkers. However, further understanding
of how HG affects insulin action using these molecules is crucial for developing future
pharmaceutical and nutritional strategies to struggle with metabolic disorders like T2DM.

4. Materials and Methods
4.1. Cell Culture

Human visceral pAds (HPA-v, ScienCell Research Laboratories, Carlsbad, CA, USA)
were cultured as described in [7]. pAds’ donor was a healthy, 45-years old Caucasian
woman. Cells from passages 2–5 were used.In brief, the cell culture included 3 subsequent
stages: (a) proliferation (5 days), (b) differentiation (12 days) and (c) maturation (6 days). To
examine each of the three stages, a part of the cells at the end of each stage were collected
and analyzed, while the rest entered further stages (Table 2). During each culture stage
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cells were maintained in pAdsMedium—PAM (during proliferation stage), pAdsDifferen-
tiation Medium—PADM (during differentiation stage), and AdsMedium—AdM (during
maturation stage). All reagents for cell culture were obtained from ScienCell Research
Laboratories, Carlsbad, CA, USA. Three independent experiments of cell culture were
conducted.The progress of ADG was monitored by cell staining with BODIPY 505/515
(Life Technologies, Eugene, OR, USA).

Table 2. Glycemic conditions at each step of cell culture for tested variants of HPA-v.

Proliferation Differentiation Maturation

N - -
H - -
N N -
N H -
H N -
H H -
N N N
N N H
N H H
N H N
H H H
H H N
H N H
H N N

N-normoglycemia, H-hyperglycemia, “-”—cells not cultured at this stage.

To assess the effect of HG at each stage, cells were maintained in NG, CHG, or IHGduring
the culture. NG means that cells during all three stages of ADG were maintained in a medium
with a 5.5 mM concentration of glucose. CHG means that cells during all stages of ADG were
maintained in a medium supplemented with glucose (D-(+)-Glucose, Sigma-Aldrich, Saint
Louis, MO, USA) to obtain a final concentration of 30mM. IHG means that cells were shifted
between NG and HG between stages of ADG (e.g., NHN—means that proliferationwas
performed under NG, differentiation- under HG, maturation- under NG).

Chronic HG reflects a diabetic patient, chronic NG mimics a healthy and normo-
glycemic subject and IHG variants were used to mimic patients with glycemic fluctuations.

4.2. RNA Isolation and mRNA Expression Profiling

RNA from each cells variant was isolated using an AllPrep DNA/RNA/Protein Mini
Kit (QIAGEN, Hilden, Germany) according to the kit manual. Isolated RNA was checked
for proper purity and concentration with a Synergy HT microplate reader (Biotek, Winooski,
VT, USA). Reverse transcription of obtained RNA was performed with a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). qReal-Time
PCR was conducted using TaqMan Gene Expression Master Mix and following TaqMan
Gene Expression Assays: PI3KR1 (Hs00933163), PI3KC (Hs00927728), IRS1 (Hs00178563),
AKT2 (Hs01086102), PTEN (Hs02621230), GLUT4 (Hs00168966), (Applied Biosystems,
Foster City, CA, USA). The Real-Time PCR thermal cycling conditions were as follows:
hold (50 ◦C, 2 min), hold (95 ◦C, 10 min), 40 cycles (95 ◦C, 15 s), hold (60 ◦C, 1 min). For
data normalization, we used the 2−∆Ctmethod and the arithmetic average of Ct values
obtained for 2 control genes: RLPLO (ribosomal protein lateral stalk subunit P0) and UBC
(ubiquitin C). The selection of reference genes was based on the expression-profiling of
16 commonly used reference genes in each study variant using TaqMan Array Human
Endogenous Control Plates (Applied Biosystems, Foster City, CA, USA). Obtained data
were analyzed using the RefFinder algorithm [66].

4.3. Protein Isolation and Expression Profiling

Total protein was isolated with RIPA buffer with the addition of Pierce mini protease
and phosphatase inhibitors tablets (Thermo Scientific, Rockford, IL, USA). Shortly, har-
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vested cells were washed three times with DPBS and then incubated with RIPA buffer
to cell lysis and protein extraction. Protein concentration in the obtained supernatant
was measured with a Protein Determination Kit (Caymann, Ann Arbor, MI, USA). The
assay involves the BCA method. In brief, 10× diluted protein samples were incubated
with Working Reagent (30 min, 37 ◦C) and then absorbance was measured at 562 nm.
Equalized amount of total protein (adjusted experimentally to each target protein) was
used to perform ELISA assays (IRS1-SEC546Hu, AKT2-SEB719Hu, PTEN-SEF822HU,
GLUT4-SEC023Hu Cloud-Clone Corp, Katy, TX, USA; PI3K-SL1388Hu Antibody-Sunlong
Biotech Co., Ltd., Hangzhou Zheijiang, China). Assays were performed according to the
kits manuals.

4.4. miRs Isolation and Expression Profiling

The selection of miRs was based on screening analysis, literature research, and the use
of bioinformatics tools.

Total miRsfrom cells were isolated using miRVANA Isolation Kit (Applied Biosystems,
Vilnius, Lithuania). Reverse transcription was performed with reagents from Applied
Biosystems (Foster City, CA, USA). Expression profiling was performed with TaqMan Low-
Density Arrays (TLDA) cards (Applied Biosystems, Foster City, CA, USA) in a 7900HT Fast
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Data were normalized
using the 2−∆Ctmethod with the arithmetic average of Ct values for 2 reference genes:
U6 and let-7b-5p. Assay IDs (Applied Biosystems, Foster City, CA, USA) for analyzed
molecules were as follows: hsa-let-7b-5p (002619) and U6 (001973), hsa-miR-29a-3p (002112),
hsa-miR-143-3p (002249), hsa-miR-145-5p (002278), hsa-miR-152-3p (00475), hsa-miR-186-
5p (002285), hsa-miR-370-3p (002275), hsa-miR-374b-5p (00563).

4.5. Statistical Analysis

Statistical analysis of expression changes was performed using GraphPad Prism
7.0 program. All data were expressed as mean ± SEM.A two-tailed t-test was exploited
to test the statistical significance between every two mean values. In multiple pair-wise
comparisons (N vs. NN vs. NNN and H vs. HH vs. HHH) we used one-way ANOVA with
a post-hoc Tukey test. We regarded p ≤ 0.05 as significant.
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data curation, E.Ś., J.S. (Justyna Strycharz); writing—original draft preparation, E.Ś.; writing—
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Abbreviations
ADG adipogenesis
Ads adipocytes
AKT protein kinase B
AT adipose tissue
CHG chronic hyperglycemia
C/EBPs CCAAT enhancer-binding proteins
FOXO1 forkhead box O1
GLUT4 glucose transporter 4
HG hyperglycemia
IHG intermittent hyperglycemia
mTOR2 mammalian target of rapamycin 2
NG normoglycemia
pAds preadipocytes
PDK1 phosphoinositide-dependent kinase 1
PIP2 phophatidylinositol-4,5-biphospate
PIP3 phophatidylinositol-3,4,5-triphospate
PI3K phosphatidylinositol-4,5-biphosphate 3-kinase
PI3K-C phosphatidylinositol-4,5-biphosphate 3-kinase catalytic subunit
PI3K-R phosphatidylinositol-4,5-biphosphate 3-kinase regulatory subunit
PPARG peroxisome proliferator-activated receptor gamma
PTEN phosphatase and tensin homolog
T2DM type 2 diabetes mellitus
VAT visceral adipose tissue

References
1. Gastaldelli, A.; Gaggini, M.; DeFronzo, R.A. Role of Adipose Tissue Insulin Resistance in the Natural History of Type 2 Diabetes:

Results from the San Antonio Metabolism Study. Diabetes 2017, 66, 815–822. [CrossRef] [PubMed]
2. Grundy, S.M. Adipose tissue and metabolic syndrome: Too much, too little or neither. Eur. J. Clin. Investig. 2015, 45, 1209–1217.

[CrossRef] [PubMed]
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