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Abstract: In this study, the effects of cinnamaldehyde and curcumin on Akt2, a serine/threonine
protein kinase central to the insulin signaling pathway, were examined in preadipocytes. Cinnamalde-
hyde or curcumin treatment increased Akt2 phosphorylation at multiple sites including T450 and
Y475, but had no effect on Akt2 phosphorylation at S474, which is critical for Akt2 activation. Surpris-
ingly, insulin treatment with cinnamaldehyde or curcumin increased p-Akt2 (S474) by 3.5-fold versus
insulin treatment alone. Furthermore, combined cinnamaldehyde, curcumin, and insulin treatment
increased p-Akt2 (S474) by 7-fold versus insulin treatment alone. Interestingly, cinnamaldehyde and
curcumin inhibited both serine/threonine phosphatase 2A (PP2A) and protein tyrosine phosphatase
1B (PTP1B). Akt2 activation is a multistep process that requires phosphorylation at T450 for proper
folding and maturation, and phosphorylation of both Y475 and S474 for stabilization of the catalytic
domain. It is plausible that by inhibiting PP2A and PTP1B, cinnamaldehyde and curcumin increase
phosphorylation at T450 and Y475, and prime Akt2 for insulin-stimulated phosphorylation at S474.
Notably, the combination of a PP2A inhibitor, okadaic acid, and a PTP1B inhibitor increased p-Akt2
(S474), even in the absence of insulin. Future combinations of PP2A and PTP1B inhibitors provide a
rational platform to engineer new therapeutics for insulin resistance syndrome.

Keywords: capillary electrophoresis; cinnamaldehyde; curcumin; diabetes; insulin; isoelectric
focusing; protein phosphatase 2; post-translational modification; serine/threonine protein kinase;
tyrosine phosphatase

1. Introduction

Phytonutrients, or natural compounds found in plants, are known to have anti-diabetic
effects [1]. For example, cinnamaldehyde from the bark of cinnamon trees and curcumin
from the rhizomes of turmeric plants are insulin-sensitizing phytonutrients [2,3]. Both cin-
namaldehyde and curcumin have beneficial effects for the management of hyperglycemic
condition in patients with type 2 diabetes [4,5]. However, vaguely understood mechanisms
of action hinder their therapeutic potential.

This study examines the effects of cinnamaldehyde and curcumin on Akt serine/threonine
kinase 2, or Akt2. The Akt kinase family comprises three highly homologous isoforms
of Akt1, Akt2, and Akt3, which exhibit distinctive functional specificity and tissue distri-
bution [6,7]. Akt1 is ubiquitously expressed in all tissue types and regulates cell growth
and survival [8]. Akt2 is primarily expressed in insulin-responsive tissues such as skeletal
muscle and adipose tissues and regulates glucose metabolism [9]. Akt3 is predominantly
expressed in nervous tissues and regulates neuronal development [10]. Interestingly, a mis-
sense mutation in Akt2 is reported in a family with severe insulin resistance and diabetes
mellitus [11]. Akt2 isoform-specific targeting is a viable therapeutic approach toward the
management of glucose metabolism disorders [12].

In recent years, capillary isoelectric focusing (cIEF) immunoassay has provided a
robust means to study Akt isoform-specific regulation [13–15]. cIEF separates proteins in
individual capillaries by their isoelectric points (pI) [16]. Subsequent immunoassays using
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antibodies specific to an Akt isoform permit resolving its distribution as a function of pI
values [17]. Change to the pI value of a protein indicates post-translational modifications
(PTMs) [18]. For example, phosphorylation or acetylation of a protein causes its pI to shift
toward lower values [19]. In contrast, glycosylation of a protein causes its pI to shift toward
higher values [20]. cIEF immunoassays permit rapid assessment of the PTM profiles of Akt
isoforms in response to extracellular stimulation [21]. Herein, cIEF immunoassays are de-
ployed to measure PTMs of Akt2 following the treatment of primary human subcutaneous
preadipocytes with insulin, cinnamaldehyde, or curcumin.

2. Materials and Methods
2.1. Primary Human Subcutaneous Preadipocytes

Primary human subcutaneous preadipocytes were obtained from Zen-Bio (Cat. No.
SP-F-1, Lot #L031219A, Durham, NC, USA) and maintained at 37 ◦C and 5% CO2 in growth
medium comprising Minimum Essential Medium α (cat. no. 12571063, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum, 100 units/mL
penicillin, and 100 µg/mL streptomycin. Primary human subcutaneous preadipocytes
were isolated from the thigh white adipose tissues of a healthy Caucasian female who was
43 years old and had a BMI < 24.9. The donor was undergoing elective surgery and signed
an Institutional Review Board validated donor consent form that specifically lists both the
intended uses for non-clinical research and confirms the procedures for processing the
samples are Standard Operating Procedure managed Good Laboratory Practices protocols
in compliance with ethical regulations. All samples were collected and processed in the
United States.

2.2. Treatment Conditions

Existing growth media of primary human subcutaneous preadipocytes were replaced
with new growth media premixed with treatment compounds and incubated at 37 ◦C and
5% CO2 for 30 min prior to the collection of total cell extracts. The final concentrations of
treatment compounds were as follows: insulin (100 nM, Humulin R, Eli Lilly, Indianapolis,
IN, USA), cinnamaldehyde (40 µM, cat. no. W228613, Sigma Aldrich, St. Louis, MO, USA),
curcumin (20 µM, cat. no. C7727, Sigma Aldrich, St. Louis, MO, USA), okadaic acid (5 nM,
cat. no. ab120375, Cambridge, MA, USA), and PTP1Bi (4 µM, cat. no. 15782, Cayman
Chem, Ann Arbor, MI, USA). The concentrations of treatment compounds were selected
based on their ability to induce maximal effects on the PTM profile of Akt2, which were
experimentally determined. Maximal effect on the PTM profile of Akt2 was observed at
30 min post-treatment for all treatment compounds.

2.3. Preparation of Total Cell Extracts

Approximately one million cells were incubated on ice for 10 min with 60 µL of lysis
buffer (cat. no. 040-764, ProteinSimple, Santa Clara, CA, USA), sonicated 4 times for 5 s
each, mixed by rotation for 2 h at 4 ◦C, and centrifuged at 12,000 rpm in an Eppendorf 5430R
microfuge for 20 min at 4 ◦C. The supernatant was collected as the cell lysate. The total
protein concentration in the cell lysate was determined with a Bradford protein assay and
adjusted to a final concentration of 0.3 µg/µL with separation gradients (cat. no. Premix
G2, pH 5–8, ProteinSimple, Santa Clara, CA, USA) for charge-based cIEF immunoassays.

2.4. Capillary Isoelectric Focusing Immunoassays

Cell lysates in separation gradients were loaded into 384-well assay plates (cat. no.
040-663, ProteinSimple, Santa Clara, CA, USA), which were preloaded with primary and
secondary antibodies and chemiluminescent substrates. Charge-based protein separation
and detection in individual capillaries were performed using the default protocols of the
NanoPro 1000 system (ProteinSimple, Santa Clara, CA, USA). HSP70 was used as the
loading control. All cIEF immunoassays were performed in triplicate for each protein,
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and triplicate experiments were performed for each treatment condition, producing nine
repeated measurements per protein analyte.

2.5. Capillary Western Immunoassays

The total protein concentration in the cell lysate was determined with a Bradford
protein assay and adjusted to a final concentration of 0.4 µg/µL with denaturing buffers
(cat. no. PS-ST01EZ or PS-ST03EZ, ProteinSimple, Santa Clara, CA, USA) for size-based
Western immunoassays. Cell lysates in denaturing buffers were denatured at 95 ◦C for
5 min, and then transferred to assay plates (cat. no. SM-W004 or SM-W008, ProteinSim-
ple, Santa Clara, CA, USA) preloaded with blocking reagents, wash buffer, primary and
secondary antibodies, and chemiluminescent substrates. Sized-based protein separation
and detection in capillaries were performed using the default protocols of the Jess system
(ProteinSimple, Santa Clara, CA, USA). β-actin was used as a loading control. All capillary
Western immunoassays were performed in triplicate for each protein, and duplicate experi-
ments were performed for each treatment condition, producing six repeated measurements
per protein analyte.

2.6. Antibodies

Primary antibodies used for this study were: pan-Akt (cat. no. 8312, Santa Cruz
Biotech, Dallas, TX, USA), Akt 1 (cat. no. 2938, cat. no. 2938, Cell Signaling Technology
(CST), Danvers, MA, USA), Akt2 (cat. no. cs3063, CST), Akt3 (cat. no. 8018, CST), p-Akt
(S473) (cat. no. 9271, CST), p-Akt1 (S473) (cat. no. 9018, CST), p-Akt2 (S474) (cat. no. cs8599,
CST), p-Akt (S124) (cat. no. PA5-38251, Thermo Fisher Scientific, Waltham, MA, USA),
p-Akt (S246) (cat. no. PA5-38352, Thermo Fisher Scientific, Waltham, MA, USA), p-Akt
(T308) (cat. no. cs2965, CST), p-Akt (T450) (cat. no. cs9267, CST), p-Akt (Y475) (p-Akt1
(Y474) or p-Akt2 (Y475), cat. no. PA5-38351, Thermo Fisher Scientific, Waltham, MA, USA),
HSP70 (cat. no. cs4872, CST), and β-actin (cat. no. MAB8929, R&D Systems, Minneapolis,
MN, USA). Horse radish peroxidase secondary antibodies were used for this study (cat. no.
040-656, 042-205, 042-206, 043-819, and 043-821, ProteinSimple, Santa Clara, CA, USA).

2.7. Data Analysis

Protein abundance was quantified using the Compass software from ProteinSimple
(Santa Clara, CA, USA) and normalized with that of HSP70 for cIEF immunoassays or
β-actin for capillary Western assays. HSP70 and β-actin served as loading controls.

2.8. Phosphatase Assays

Ser/Thr phosphatase assay kit (cat. no. 17-127, Millipore, Temecula, CA, USA) was
used to detect PP2A activity by dephosphorylation of the phosphopeptide R-K-pT-I-R-R
using malachite green detection. Likewise, a protein tyrosine phosphatase assay kit (cat.
no. 17-125, Millipore, Burlington, MA, USA) was used to detect PTP1B activity by de-
phosphorylation of the phosphopeptide R-R-L-I-E-D-A-E-pY-A-A-R-G using malachite
green detection. Experimental procedures were performed according to the manufacturer’s
protocols. Recombinant PP2A (cat. no. 10011237, Cayman Chem, Ann Arbor, MI, USA) and
PTP1B (cat. no. 10010896, Cayman Chem, Ann Arbor, MI, USA) were used. Dephosphory-
lation reactions were performed at room temperature for 30 min in the presence of serially
diluted okadaic acid, PTP1Bi, cinnamaldehyde, or curcumin. The reactions were terminated
by the addition of 100 µM malachite green solution and allowed color development to
proceed for 15 min at room temperature. Phosphatase activities were measured using
absorbance at 650 nm in a microtiter plater reader (Synergy 2, BioTek, Winooski, VT, USA).

2.9. Statistical Analysis

Quantitative data were presented as the mean values ± standard deviations across
nine repeated measurements. Statistical significance was calculated with Student’s t-test
and thresholded at p ≤ 0.01 versus the control.
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3. Results
3.1. Composition of Akt Isoforms in Primary Human Subcutaneous Preadipocytes

Akt isoforms and selective phosphorylation sites were examined using cIEF immunoas-
says in primary human subcutaneous preadipocytes. Specifically, primary antibodies that
recognize Akt1, Akt2, Akt3, and pan-Akt or all Akt isoforms were used (Figure 1A–D).
The distribution of phosphoisoforms as functions of pI for each Akt isoform was clearly
observed on cIEF electropherograms (Figure 1A–C). The composition of each Akt isoform as
a function of all Akt isoforms was resolvable on the pan-Akt electropherogram (Figure 1D).
On average, Akt1, Akt2, and Akt3 isoforms were 57%, 24%, and 19% of all Akt isoforms,
respectively (Figure 1E). In addition, primary antibodies that recognize phosphoisoforms
of pan-Akt were used for cIEF immunoassays. Phosphoisoform p-Akt (T308) was de-
tectable mainly at pI 5.74, which coincided with a major peak on the Akt2 electropherogram
(Figure 1F). Phosphoisoform p-Akt (T450) was highly expressed and evenly distributed
across a broad range of pI values, which coincided with most peaks on all Akt isoforms
(Figure 1G). In contrast, phosphoisoform p-Akt (S473) was undetectable (Figure 1H).

3.2. Insulin Induces Changes to the Electropherograms of Akt2 and Akt3

Following the treatment of preadipocytes for 30 min with insulin, Akt isoforms and
selective phosphorylation sites were again examined using cIEF immunoassays. Surpris-
ingly, insulin treatment had no observable effect on the electropherograms of Akt1 isoform
(Figure 2A). In contrast, insulin treatment induced the appearance of new Akt2 and Akt3
isoforms at low pI values (Figure 2B,C). Insulin treatment induced the appearance of new
peaks at low pI values for p-Akt (T308) (Figure 2D). Insulin treatment also changed the
distribution of p-Akt (T450) isoforms, where the relative abundance of peaks at low pI
values were higher versus those at higher pI values (Figure 2E). Expectedly, insulin treat-
ment induced the appearance of new peaks at low pI values for p-Akt (S473) (Figure 2F).
Capillary Western immunoassays revealed that insulin treatment increased the abundance
of p-Akt (T308), p-Akt (T450), and p-Akt (S473) (Figure 2G,H). Phosphorylation of Akt
isoforms generally induced new peaks at low pI values. On the one hand, the abundance
of peaks at low pI values on the electropherogram of Akt1 most likely obscured the effect
of insulin-stimulated phosphorylation. On the other hand, the appearance of new peaks at
low pI values following insulin treatment was readily detectable on the electropherograms
of Akt2 and Akt3 (Figure 2A,B).
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Figure 1. Composition of Akt isoforms in primary human subcutaneous preadipocytes. (A–D) 
Electropherograms of capillary isoelectric focusing (cIEF) immunoassays of (A) Akt1, (B) Akt2, (C) 
Akt3, and (D) pan-Akt or all Akt isoforms. The letter p represents phosphorylation of Akt 
isoforms. Peaks on electropherograms are color-coded with Akt1 (blue), Akt2 (green), and Akt3 
(red). (E) Percentage of Akt1 (blue), Akt2 (green), and Akt3 (red) as a function of all Akt isoforms. 
(F–H) Electropherograms of cIEF immunoassays of (F) pAkt (Thr308), (G) pAkt (Thr450), and (H) 
pAkt (S473). The dashed line highlights the distribution of pAkt (Thr450) as a function of pI val-
ues. 

Figure 1. Composition of Akt isoforms in primary human subcutaneous preadipocytes. (A–D) Elec-
tropherograms of capillary isoelectric focusing (cIEF) immunoassays of (A) Akt1, (B) Akt2, (C) Akt3,
and (D) pan-Akt or all Akt isoforms. The letter p represents phosphorylation of Akt isoforms. Peaks
on electropherograms are color-coded with Akt1 (blue), Akt2 (green), and Akt3 (red). (E) Percentage
of Akt1 (blue), Akt2 (green), and Akt3 (red) as a function of all Akt isoforms. (F–H) Electrophero-
grams of cIEF immunoassays of (F) pAkt (Thr308), (G) pAkt (Thr450), and (H) pAkt (S473). The
dashed line highlights the distribution of pAkt (Thr450) as a function of pI values.
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of cIEF immunoassays of (A) Akt1, (B) Akt2, (C) Akt3, (D) p-Akt (Thr308), (E) p-Akt (Thr450), and 
(F) p-Akt (Ser473) following treatment with insulin for 30 min. Arrows point to new peaks that 
appeared after treatment with insulin. The dashed line highlights the distribution of p-Akt 
(Thr450) as a function of pI values. (G) Capillary Western (CW) immunoassays of p-Akt (Thr308), 
p-Akt (Thr450), and p-Akt (Ser473) before and after treatment with insulin. Pan-Akt and β-actin 
served as the loading controls. (H) Relative expression level of p-Akt (Thr308), p-Akt (Thr450), 
and p-Akt (Ser473) before (solid black) and after (textured) treatment with insulin. Error bars indi-
cate standard deviations across six repeated measurements using CW immunoassays per experi-
mental condition. Asterisks indicate a statistical significance of p ≤ 0.01 versus untreated control. 

Figure 2. Insulin induces changes to the electropherograms of Akt2 and Akt3. Electropherograms
of cIEF immunoassays of (A) Akt1, (B) Akt2, (C) Akt3, (D) p-Akt (Thr308), (E) p-Akt (Thr450), and
(F) p-Akt (Ser473) following treatment with insulin for 30 min. Arrows point to new peaks that
appeared after treatment with insulin. The dashed line highlights the distribution of p-Akt (Thr450)
as a function of pI values. (G) Capillary Western (CW) immunoassays of p-Akt (Thr308), p-Akt
(Thr450), and p-Akt (Ser473) before and after treatment with insulin. Pan-Akt and β-actin served
as the loading controls. (H) Relative expression level of p-Akt (Thr308), p-Akt (Thr450), and p-Akt
(Ser473) before (solid black) and after (textured) treatment with insulin. Error bars indicate standard
deviations across six repeated measurements using CW immunoassays per experimental condition.
Asterisks indicate a statistical significance of p ≤ 0.01 versus untreated control.
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3.3. Cinnamaldehyde and Curcumin Induce Posttranslational Modification of Akt2

Next, the high-throughput capability of cIEF immunoassays was deployed to screen
for the effects of hundreds of phytonutrients on the PTM of Akt1, Akt2, and Akt3 in
preadipocytes. Cinnamaldehyde and curcumin were identified as two phytonutrients that
induced changes to the electropherogram of Akt2. Specifically, cinnamaldehyde and cur-
cumin induced the appearance of a new peak at pI 5.41 on Akt2 electropherograms that was
distinct from the peaks induced with insulin treatment at pI 5.20 and 5.30 (Figure 3A–D).
Combined cinnamaldehyde and curcumin treatment induced the appearance of multiple
new Akt2 isoforms at pI 5.60, 5.41, and 5.30 (Figure 3E). On the p-Akt2 (S474) electrophero-
gram that specifically detects phosphorylated S474 residue of Akt2 isoform, only insulin
treatment induced the appearance of p-Akt2 (S474), which is critical for Akt2 activation
(Figure 3F). Neither untreated control preadipocytes or preadipocytes treated with cin-
namaldehyde or curcumin had a detectable level of p-Akt2 (S474). Surprisingly, neither
cinnamaldehyde or curcumin had any observable effect on the electropherograms of Akt1
or Akt3 (Figure S1A,B).
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(A–E) Distribution of Akt2 as a function of isoelectric points in (A) control untreated 

Figure 3. Cinnamaldehyde and curcumin induce changes to Akt2 posttranslational modification.
(A–E) Distribution of Akt2 as a function of isoelectric points in (A) control untreated preadipocytes,
or (B–E) preadipocytes treated with (B) insulin, (C) cinnamaldehyde, (D) curcumin, or (E) combined
cinnamaldehyde and curcumin. (F) Distribution of p-Akt2 (S474) as a function of isoelectric points in
untreated control preadipocytes (top electropherogram), or preadipocytes treated with insulin (second
electropherogram), cinnamaldehyde (third electropherogram), curcumin (fourth electropherogram),
and combined cinnamaldehyde and curcumin (bottom electropherogram). Arrows point to the
appearance of new peaks following treatment versus untreated control.
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3.4. Cinnamaldehyde and Curcumin Enhance Insulin-Stimulated Activation of Akt2

Interestingly, insulin treatment together with either cinnamaldehyde or curcumin
induced the appearance of a new Akt2 isoform at pI 5.15 and increased the abundance
of Akt2 isoforms at pI 5.20 and 5.30 (Figure 4A–C). Insulin treatment together with both
cinnamaldehyde and curcumin further increased the abundance of Akt2 isoforms from pI
5.15 to 5.41 (Figure 4D). Most significantly, combined insulin and cinnamaldehyde treatment
or insulin and curcumin increased p-Akt2 (S474) by approximately 3.5-fold compared to
insulin treatment alone (Figure 4E,F). Additionally, combined insulin, cinnamaldehyde,
and curcumin treatment increased p-Akt2 (S474) by nearly 7-fold compared to insulin
treatment alone. Clearly, cinnamaldehyde and curcumin enhanced insulin-stimulated
activation of Akt2.

3.5. Cinnamaldehyde and Curcumin Increase Pan-Akt Phosphorylation

Furthermore, the effects of cinnamaldehyde and curcumin on other phosphorylation
sites were examined. Due to the unavailability of Akt2-specific antibodies, antibodies
that recognize p-Akt (S124), p-Akt (S246), p-Akt (T308), p-Akt (T450), and p-Akt (Y475)
of all Akt isoforms were used. p-Akt (T450) was highly expressed and evenly distributed
across a broad range of pI values in control untreated preadipocytes. Cinnamaldehyde
or curcumin treatment changed the distribution of p-Akt (T450) isoforms, where the
relative abundance of peaks at low pI values were higher versus those at higher pI values
(Figure 5A–C). This observation indicates increased phosphorylation at the T450 residue.
Similarly, cinnamaldehyde or curcumin treatment increased the abundance of p-Akt (S124),
p-Akt (S246), and p-Akt (Y475) at pI 5.74 compared to untreated control (Figure 5D–F).
Interestingly, cinnamaldehyde or curcumin treatment had no observable effect on p-Akt
(T308), which is also associated with the activation of Akt (Figure S2). Collectively, these
data concurred that cinnamaldehyde and curcumin increased Akt phosphorylation, but
not its activation (Figures S3 and S4).
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Figure 4. Cinnamaldehyde and curcumin enhance insulin-stimulated activation of Akt2. (A–D) Dis-
tribution of Akt2 as a function of isoelectric points in preadipocytes treated with (A) insulin alone,
(B) insulin and cinnamaldehyde, (C) insulin and curcumin, or (D) insulin, cinnamaldehyde and
curcumin. (E) Distribution of p-Akt2 (S474) as a function of isoelectric points in preadipocytes treated
with insulin alone (top electropherogram), insulin and cinnamaldehyde (second electropherogram),
insulin and curcumin (third electropherogram), or insulin, cinnamaldehyde, and curcumin (bottom
electropherogram). (F) Relative abundance of p-Akt2 (S474) as a function of treatment condition.
Error bars are standard deviations across nine repeated measurements. Single asterisk (*) indicates
p-value ≤ 0.01 versus treatment with insulin alone. Double asterisk (**) indicates p-value ≤ 0.01
versus treatment with insulin and cinnamaldehyde or insulin and curcumin.
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Figure 5. Cinnamaldehyde and curcumin increase pan-Akt phosphorylation. (A–C) Distribu-
tion of p-Akt (T450) as a function of isoelectric points in (A) untreated control preadipocytes or
(B,C) preadipocytes treated with (B) cinnamaldehyde or (C) curcumin. The dashed line highlights the
distribution trend. (D–F) Distribution of (D) p-Akt (S124), (E) p-Akt (S246), and (F) p-Akt (Y475) in un-
treated control preadipocytes (top electropherogram), or preadipocytes treated with cinnamaldehyde
(middle electropherogram) or curcumin (bottom electropherogram).

3.6. Cinnamaldehyde and Curcumin Inhibit Both PP2A and PTP1B

Cinnamaldehyde and curcumin are known inhibitors of protein serine/threonine
phosphatase 2A (PP2A) and protein tyrosine phosphatase 1B (PTP1B) [22,23]. Next, enzy-
matic activities of recombinant PP2A and PTP1B proteins were measured in the presence of
cinnamaldehyde and curcumin and compared to okadaic acid, a known PP2A inhibitor [24],
and a PTP1B inhibitor (PTP1Bi) [25]. Okadaic acid inhibited PP2A with a half-maximal
inhibitory concentration (IC50) of approximately 0.5 nM (Figure 6A). By comparison, cin-
namaldehyde and curcumin inhibited PP2A with IC50 values of approximately 40 and
20 µM, respectively (Figure 6B). Expectedly, PTP1Bi inhibited PTP1B at an IC50 of ap-
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proximately 10 µM (Figure 6C). By comparison, cinnamaldehyde and curcumin inhibited
PTP1B at an IC50 of approximately 4 and 25 µM, respectively (Figure 6D). Taken together,
cinnamaldehyde and curcumin inhibited both PP2A and PTP1B.
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combinant protein serine/threonine phosphatase PP2A as a function of titrating concentrations of
(A) okadaic acid, or (B) cinnamaldehyde (blue) and curcumin (green). (C,D) Activity of a recombi-
nant protein tyrosine phosphatase PTP1B as a function of titrating concentrations of (C) PTP1Bi, or
(D) cinnamaldehyde (blue) and curcumin (green). Error bars are standard deviations across nine
repeated measurements.

3.7. Dual Inhibition of PP2A and PTP1B Activates Akt2

Lastly, the effects of okadaic acid and PTP1Bi on Akt2 were examined in primary
human subcutaneous preadipocytes. On the one hand, okadaic acid treatment induced
the appearance of a new Akt2 isoform at pI 5.20 and increased the abundance of an
existing Akt2 isoform at pI 5.36 versus the untreated control (Figure 7A). On the other
hand, PTP1Bi treatment had no observable effect on the cIEF electropherogram of Akt2
versus the untreated control (Figure 7B). Surprisingly, combined okadaic acid and PTP1Bi
treatment strongly induced the appearance of multiple Akt2 isoforms at low pI values
from 4.90 to 5.20 (Figure 7C). Neither okadaic acid nor PTP1Bi treatment individually was
capable of inducing p-Akt2 (S474) expression. In contrast, combined okadaic acid and
PTP1Bi treatment strongly induced the expression of p-Akt2 (S474) (Figure 7D). Notably,
the combined okadaic acid and PTP1B treatment activated Akt2 in the absence of insulin.
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treated with okadaic acid (second electropherogram), PTP1Bi (third electropherogram), or combined
okadaic acid and PTP1Bi (bottom electropherogram).

4. Discussion

The structure and activation mechanism of all three Akt isoforms are highly con-
served [26]. All Akt kinases consist of three conserved domains, an N-terminal pleckstrin
homology (PH) domain, a central kinase catalytic (CAT) domain, and a C-terminal exten-
sion (EXT) domain containing a regulatory motif. Amino acid sequence homology for
the PH, CAT, and EXT domains among Akt isoforms are approximately 80%, 90%, and
70%, respectively [27]. Most significantly, amino acid residues whose phosphorylation are
required for activation are conserved in all Akt isoforms [28]. Inferring from numerous
studies on the activation mechanism of Akt1, Akt2 activation is expected to follow a similar
multistep process [28], where constitutive phosphorylation of T450 and Y475 residues are
prerequisites for subsequent activation by the phosphorylation of S474 [29–32]. Phosphory-
lation at the T450 residue controls Akt2 protein folding and maturation [33]. Furthermore,
phosphorylation at both Y475 and S474 residues stabilizes the catalytic domain [31].

Cinnamaldehyde and curcumin preferentially target selective Akt isoforms. Cin-
namaldehyde and curcumin promote insulin-stimulated activation of both Akt1 and Akt2.
The abundance of peaks at low pI values on cIEF electropherograms of Akt1 hinders the
detection of the effects of cinnamaldehyde, curcumin, or insulin on Akt1 phosphorylation.
However, both cIEF immunoassays of p-Akt1 (S473) and standard Western immunoassays
reveal that cinnamaldehyde and curcumin promote insulin-stimulated phosphorylation of
Akt1 (Figure S5). Individually, cinnamaldehyde or curcumin treatment increases insulin-
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stimulated activation of Akt2 by approximately 3.5-fold versus insulin treatment alone.
Together, cinnamaldehyde and curcumin treatment increases insulin-stimulated activation
of Akt2 by nearly 7-fold versus insulin treatment alone. Surprisingly, cinnamaldehyde
and curcumin have no observable effect on insulin-stimulated phosphorylation of Akt3
(Figure S6). In preadipocytes, Akt3 is a minor isoform, which constitutes approximately
19% of all Akt isoforms. The composition of Akt3 decreases to 7% of total Akt isoforms
following the differentiation of preadipocytes into adipocytes [7,34]. Akt isoforms are
present at distinct subcellular locations [35]. Akt1 is detectable at the plasma membrane,
cytoplasm, and nucleus. Akt2 is localized to the mitochondrial membrane. Akt3 is localized
to the nucleus and nuclear membrane. Distinctive spatial distribution of Akt isoforms could
be a mechanism underlying their differential responses to cinnamaldehyde and curcumin,
although further investigation is warranted.

Furthermore, cinnamaldehyde and curcumin have non-specific and multi-targeted ef-
fects. The effects of cinnamaldehyde and curcumin on Akt2 are not mediated by the insulin
signaling pathway. The insulin signaling pathway is mediated by the PI3K/PDK1/Akt
signaling axis. Inhibition of pI3K with an inhibitor LY294002 abrogates insulin-stimulated
phosphorylation of Akt2 (Figure S7A). Interestingly, LY294002 treatment is unable to inhibit
cinnamaldehyde or curcumin-induced phosphorylation of Akt2 (Figure S7B). Consistent
with the literature on the positive regulatory effects of cinnamaldehyde or curcumin on
the MAPK signaling pathway [36,37], increased ERK1/2 phosphorylation following the
treatment with cinnamaldehyde, or curcumin, is also observed using cIEF immunoassays
(Figure S8). Furthermore, both cinnamaldehyde and curcumin are reported to increase
AMPK phosphorylation in several previous studies [38,39]. Given the structural dissimi-
larity between Akt2, ERK1/2, and AMPK, direct interaction between cinnamaldehyde or
curcumin with these protein kinases is highly unlikely.

This study presents an alternative mechanism of action underlying the insulin-
sensitizing effects of cinnamaldehyde and curcumin. As inhibitors of both PP2A and
PTP1B, cinnamaldehyde and curcumin increase the abundance of phosphorylated T450
and Y475 residues and promote insulin-stimulated phosphorylation at the S474 residue
of Akt2. Several molecular docking studies in recent years supported direct binding of
cinnamaldehyde and curcumin to protein serine/threonine phosphatases and/or protein
tyrosine phosphatases [40,41]. Both PP2A and PTP1B are negative regulators of the insulin
signaling pathway [42,43], as well as other signaling pathways [44]. PP2A forms stable
complexes with Akt [45–48], whereas PTP1B is a substrate of Akt [49]. Insulin resistance
is a hallmark of type 2 diabetes mellitus [50]. Inhibition of PP2A or PTP1B is a viable
approach toward improving insulin sensitivity for anti-diabetes therapy [42,43]. The utility
of cinnamaldehyde and curcumin for diabetes prevention and management merits further
investigation. Notably, the combination of okadaic acid and PTP1Bi strongly activates Akt2,
even in the absence of insulin. Future combinations of PP2A and PTP1B inhibitors provide
a rational platform to engineer new therapeutics for insulin resistance syndrome.

5. Patents

A U.S. patent application has been filed on behalf of the authors on a composition
of phytonutrients for the management of diabetes that comprises cinnamaldehyde and
curcumin (17/741,162).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14163301/s1, Figure S1. Cinnamaldehyde and curcumin have
no observable effect on Akt1 and Akt3; Figure S2. Insulin induces the appearance of p-Akt (T308);
Figure S3. Cinnamaldehyde and curcumin increase p-Akt (T450) isoform; Figure S4. Cinnamaldehyde
and curcumin enhance insulin-stimulated phosphorylation of Akt2 (S474); Figure S5. Cinnamalde-
hyde and curcumin enhance insulin-stimulated activation of Akt1; Figure S6. Cinnamaldehyde
and curcumin have no effect on insulin-stimulated phosphorylation of Akt3; Figure S7. The effects
of cinnamaldehyde and curcumin are independent of the insulin signaling pathway; Figure S8.
Cinnamaldehyde and curcumin promote ERK1/2 phosphorylation.

https://www.mdpi.com/article/10.3390/nu14163301/s1
https://www.mdpi.com/article/10.3390/nu14163301/s1
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