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Abstract
Background  The balance between pro-atherogenic and anti-atherogenic factors is very crucial in the development of ath-
erosclerotic lesions. Although the expression of the six-transmembrane epithelial antigen of the prostate 4 (STEAP4) in 
myeloid cells is known to be atheroprotective, there is not a single study reporting on the status of STEAP4 expression in 
circulating monocytes in the early stages of diet-induced obesity or in events of glycemic excursions.
Methods  We induced glycemic spikes twice daily for a 1-week duration to rats fed on regular chow and western diet, and 
analyzed gene expression changes in the peripheral blood mononuclear cells (PBMCs). We also conducted experiments on 
RAW 264.7 cells to gain insight into some of our in vivo findings.
Results  Diet-induced obesity and glycemic excursions independently caused a significant increase in STEAP4 mRNA 
expression in PBMCs. This was also accompanied by an induction of a substantial number of pro-inflammatory cytokines, 
chemokines, and chemokine receptors. However, the combined effect of western diet and hyperglycemic spikes was subtle 
and non-additive. In the in vitro setting, either glucose spikes, persistent hyperglycemia, or a combination of palmitic acid 
and insulin resulted in a parallel increase in expression of STEAP4 and pro-inflammatory genes. This was, however, signifi-
cantly abrogated with 4-octyl itaconate or attenuated by inhibitors of p38MAPK and NF-kB.
Conclusions  STEAP4 expression in mononuclear cells is induced by increasing inflammation or oxidative stress. The 
observed increase in STEAP4 expression in circulating monocytes due to visceral obesity or glycemic excursions is a com-
pensatory response.
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Background

Atherosclerotic cardiovascular disease is increasingly 
becoming one of the top leading causes of adult mortal-
ity all over the world [1]. The disease is reported to occur 
when there is an imbalance between the pro-atherogenic and 
anti-atherogenic factors [2, 3]. Epidemiological studies have 
established that visceral obesity is an independent risk factor 

for cardiovascular diseases, mainly because it is associated 
with pro-atherogenic factors, such as dyslipidemia, insulin 
resistance, hypertension, and type 2 diabetes [4, 5]. Apart 
from visceral obesity, the role of postprandial hyperglycemic 
spikes occurring in individuals with subclinical and full-
blown type 2 diabetes in the pathogenesis of atheroscle-
rosis is well established [6–10]. Formerly, atherosclerosis 
was considered to be a consequence of a passive buildup 
of atherogenic lipids in the vessel wall [11]. However, it is 
currently known that immune cells, particularly the mono-
cytes, are crucial in developing atherosclerotic lesions [11]. 
The fact that inflammation is very fundamental in the for-
mation, progression, and even rupture of atherosclerotic 
plaques underscores the crucial role of monocytes or plaque 
macrophages as the chief inflammatory cells in the process 
[12–15].
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Both visceral obesity and glycemic excursions are known 
for their potential to activate circulating monocytes and stir 
up inflammation in the vessel wall [10, 16, 17]. In response 
to this, various cellular protective mechanisms are acti-
vated; the transcription factor Nrf2 (nuclear factor erythroid 
2–related factor 2) is just one of them [18]. However, the 
philosophical underpinning that atherosclerosis occurs when 
there is an imbalance between the pro-atherogenic and anti-
atherogenic factors underscores the importance of identify-
ing the status of other novel anti-inflammatory mexpressed 
as a fold change normalizedediators as well.

Mounting evidence shows that the six transmembrane 
epithelial antigen of the prostate (STEAP4), also known 
as Tumor Necrosis Factor-α-induced Adipose-related Pro-
tein (TIARP), or the six transmembrane protein of pros-
tate (STAMP2) is another one [19]. STEAP4 was initially 
discovered while searching for genes and proteins that 
could potentially mediate the effect of TNFα on adipocyte 
development and metabolism [20]. It has been shown that 
a whole-body STEAP4 knockout mouse tends to develop 
obesity, insulin resistance, glucose intolerance, hyperglyce-
mia, and type 2 diabetes [21]. There are also a good num-
ber of studies showing that STEAP4 is protective against 
stress-induced by nutrient overload or inflammatory media-
tors. Specifically, the lack of STEAP4 expression in hepato-
cytes has been shown to correlate with the onset of fatty 
liver disease [21]. STEAP4 overexpression has been shown 
to ameliorate high-fat diet-induced hepatic steatosis and 
insulin resistance [22]. Likewise, there is evidence showing 
that STEAP4 overexpression in diabetic Apo E-/-LDLR-/- 
mice helps to protect against adipose tissue dysfunction 
by indirectly affecting adipose tissue-macrophage polari-
zation shift, and consequently leading to reduced insulin 
resistance [23]. Studies conducted to discern the expression 
and role of STEAP4 in monocytes/macrophages are even 
scantier. In the year 2010, Wang et al. reported for the first 
time that STEAP4 expression is detectable in circulating 
mononuclear cells and that its expression was found low 
in female patients with metabolic syndrome. They further 
showed that STEAP4 expression in circulating monocytes 
was negatively correlated with carotid intima–media thick-
ness [24]. According to a study by Hotamisligil et al., the 
lack of STEAP4 expression in macrophages causes an aber-
rant response to inflammatory mediators. In their study, they 
concretely demonstrated that STEAP4 expression in bone 
marrow-derived cells protects against atherosclerosis [25].

Despite the mentioned protective roles, the relative 
expression of STEAP4 by monocytes in the early stages 
of diet-induced obesity or intermittent hyperglycemic 
state is not known. Therefore, in this study, we aimed to 
ascertain whether there are any glucose spikes or die-
tary obesity-induced changes in STEAP4 expression in 
mononuclear cells,  the correlation of such changes with 

obesity-related factors, and mechanisms responsible for such 
expressional alterations.

Research design and methods

Note that; details of some of the methods employed 
in this study can be traced in the supplementary 
information section.

A.	 In vivo studies

Experimental animals used

We purchased 48, 7 weeks old male Wistar rats from Charles 
River Laboratories (Japan). These animals were individu-
ally housed in standard cages at an ambient temperature of 
23 ± 1°C, relative humidity of 50 ± 10%, and a 12-h cycle 
of alternating light and dark. All the procedures involved in 
the animal care, interventions, and even euthanasia were car-
ried out at the Kagoshima University, Institute of Laboratory 
Animal Science according to IACUCs guidelines; protocol 
approval number MD20022. During the first week at our 
facility, animals were acclimated to the new environment 
and were fed ad libitum.

Animal grouping and interventions

All the animal grouping and assigned interventions are sum-
marized in Fig. 1. At the age of 8 weeks, animals were ran-
domly divided into two groups; the standard chow (MF) and 
western-type diet (WTD) groups, respectively. Whereas the 
MF group of rats was fed on the 3.6 kcal/g standard chow 
(Oriental Yeast Co., Ltd.) for a duration of 8 weeks, the 
WTD group was fed on 4.5 kcal/g western-type diet (Orien-
tal Yeast Co., Ltd., Japan) for a similar duration.

At the age of 16 weeks, each of the two groups was fur-
ther subdivided into two subgroups such that four groups 
designated as MFGS (−), MFGS (+), WTDGS (−), and 
WTDGS (+) were formed. To make glucose spike mod-
els, the MFGS (+) and WTDGS (+) groups were subjected 
to intraperitoneal injection of 1 g/kg sterile glucose solu-
tion at 10:00 A.M and 4:00 PM, twice daily for a duration 
of 1 week. The control MFGS (-) and WTDGS (-) groups 
were injected with an equivalent volume of intraperitoneal 
sterile saline following the same protocol. With a blood 
glucose sensor attached to the back of the animal before 
the commencement of intraperitoneal injections, we were 
able to perform a 24-h continuous blood glucose monitor-
ing using a flash glucose monitoring system, Freestyle Libre 
Pro (Abbott, USA) (Fig. 2). At 17 weeks of age, all animal 
groups were fasted overnight and euthanized according to 
the approved protocol. Adequate blood samples for PBMCs 
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isolation and biochemical tests were collected by cardiac 
puncture.

Isolation of peripheral blood mononuclear cells 
(PBMCs)

OptiPrep™ Density Gradient Medium was obtained from 
Sigma Aldrich and handled according to the manufacturer’s 
instructions. PBMCs were isolated by floatation (iodixanol 
mixer technique) following almost similar steps stipulated in 
the Opti Prep ™ Application Sheet C06: 8th edition, January 
2018 (Available in the electronic supplementary material).

Biochemical tests

We carried out relevant biochemical tests in the serum sam-
ples of our animal groups. The list includes fasting blood 
glucose, total cholesterol, triglycerides, free-fatty acids, 
TNF-α, and High Molecular Weight (HMW) adiponectin 
(details of each test is available in the electronic supplemen-
tary information).

B.	 In vitro studies

A frozen tube of murine monocyte/macrophage cell line 
(RAW 264.7 (ATCC​® TIB-71™) was purchased from Amer-
ican Type Culture Collection (ATCC); Low & High-lucose 
Dulbecco’s Modified Eagle’s Medium (DMEM), palmitic 
acid, and low-endotoxin fatty acid-free bovine serum albu-
min (BSA, FFA-free) from Sigma; antibiotic (penicillin/
streptomycin) solution, and qualified Fetal Bovine Serum 
(FBS) from Gibco; 2-Mercaptoethanol, HEPES, L-Glu-
tamine, Lipopolysaccharide, Superscript™ IV VILO™ 
master mix, and TaqMan™ Fast Advanced Master mix 
from Thermo Fisher Scientific; Phorbol Myristate Acetate 
(PMA), and SB203580 from Invivo Gen ( San Diego, USA); 
Recombinant mouse TNF & IL6 proteins from R&D sys-
tems (Minneapolis, USA); 4-octyl itaconate from Stem 
Cell Technologies company, PDTC (Ammonium pyrroli-
dinedithiocarbamate), and NF-kappaB inhibitor antioxidant 
(ab141406) from abcam.

Preparation of a stock solution of palmitic acid

Using a protocol by Seahorse Bioscience, we prepared 1 mM 
palmitic acid/0.17 mM BSA stock solution (6:1 molar ratio 
palmitic acid: BSA). A stock solution of palmitic acid-
BSA conjugate and vehicle control (BSA, FFA-free) were 

Fig. 1   Animal experimental 
flowchart the horizontal axis 
represents time in weeks MF 
and WTD stand for standard 
chow and western-type diet, 
respectively, i.p denotes intra-
peritoneal administration

Fig. 2   Continuous Glucose 
Monitoring Profile in the four 
groups of animals the horizontal 
axis represents time in hours
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aliquoted in small volumes of 4 ml and kept at − 20 °C. On 
the day of the experiment, the palmitic acid-BSA conjugate 
stock solution and vehicle control aliquots were thawed at 
37 °C for 10 min before mixing with cell culture media to 
obtain the desired final concentration.

Cell culture

RAW 264.7 cells were primarily cultured in DMEM-high 
glucose supplemented with 10% of FBS and 1% of an anti-
biotic solution containing 10,000 units/mL of penicillin 
and 10,000 µg/mL of streptomycin. At all times cell cul-
tures were maintained in a humidified 5% CO2 incubator 
set at a temperature of 37 °C. RAW 264.7 cells used in all 
experiments were between passage numbers 5 and 15. We 
maintained the required standard cell culture practices, such 
as regular examination of cell cultures, timely change of 
cell culture media, and stringent aseptic techniques in all 
experiments.

Exposure of RAW 264.7 cells to stable or fluctuating 
glucose concentration

We performed preliminary cultures of RAW 264.7 cells in 
DMEM-low glucose supplemented with 10% FBS. The con-
centration of FBS in the cell culture media was subsequently 
lowered to 0.1% and cells incubated under stable glycemic 
condition (DMEM-30 mM glucose) for a duration of 72 h 
or repeated cycles of glucose fluctuation (DMEM-5.5 mM 
glucose for 16 h followed by DMEM-30 mM glucose for 
8 h) for the same duration of 72 h. In a similar set of experi-
ments, cells incubated in high glucose conditions (including 
those subjected to fluctuating glucose concentration) were 
concurrently treated with or without 10 µM of SB203580 
(p38 MAPK inhibitor), 40 µM of PDTC (NF-kB) inhibi-
tor, or 0.1 mM of a cell permeable Nrf2 activator (4-octyl 
itaconate), respectively. In all these experiments, a 25 mM 
low-endotoxin mannitol-added to DMEM-low glucose was 
used as an osmotic control.

Exposure of RAW 264.7 cells to obesity related 
factors

We conducted three sets of experiments under this cat-
egory (details of each can be traced in the electronic sup-
plementary information). In summary, serum-starved RAW 
264.7 cells cultured in DMEM-low glucose were incubated 
for 24 h with either vehicle control (BSA), 100 µM pal-
mitic acid, 100 nM insulin, a combination of palmitic acid 
and insulin, palmitic acid and high glucose, or high glu-
cose and insulin, followed by gene expression studies. We 
also conducted mechanistic studies in which cells incubated 
with palmitic acid and high insulin, were also incubated 

with or without 10 µM of SB203580 (p38 MAPK inhibi-
tor),40 µM of PDTC (NF-kB) inhibitor, or 0.1 mM of 4-octyl 
itaconate, respectively.

Treatment of RAW 264.7 with inflammatory 
cytokines

Under conditions of extreme serum starvation (0.1% FBS), 
RAW 264.7 cells precultured in DMEM-high glucose were 
exposed to a combination of IL6 (20 ng/ml) and TNF (10 ng/
ml) with or without 10 µM SB203580 (p38MAPK inhibi-
tor), and 40 µM PDTC (NF-kB inhibitor), respectively, for a 
duration of 12 h. The control group of cells was treated with 
vehicle control for the same duration before being harvested 
for experiments.

RNA extraction and synthesis of cDNA 
for quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from the mononuclear cells using 
a slightly modified version of the Yale University TRIZOL 
RNA Isolation Protocol (Available in the electronic supple-
mentary material). All total RNA samples that were used 
for the microarray study underwent further clean-up using 
a Qiagen column purification kit (Qiagen). Total RNA was 
quantitated using NanoDrop™ 1000 spectrophotometer and 
RNA integrity measured using Agilent 2100 Bioanalyzer. 
All total RNA samples used in the microarray study con-
formed to the quality requirement of A260/280 ≥ 1.8 and 
RIN ≥ 2.0, respectively.

Microarray analysis

Microarray analysis was outsourced to Hokkaido System 
Science Co., Ltd (Japan). A total of sixteen total RNA sam-
ples comprised of 4 samples from each of the animal groups, 
i.e., MFGS (-), MFGS ( +), WTDGS (-), and WTDGS ( +), 
respectively, were pulled into equal weights in their respec-
tive groups and used in the analysis (Details of microarray 
protocol and data analysis are available in the electronic sup-
plementary information).

Selection and validation of microarray candidate 
genes

We randomly picked up the traditional and novel inflamma-
tion-related genes whose expression changed by ≥ 2folds in 
response to glucose spikes or diet-induced obesity (Suppl 
Figs. 1 and 2). Out of these, four representative genes were 
chosen for quantitative validation. The list includes CCL2, 
IL1B, TNF, and STEAP4.
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Real‑time quantitative reverse transcription PCR 
(RT‑qPCR)

Total RNA was reverse-transcribed to synthesize cDNA 
using Superscript™ IV VILO™ Master Mix. Relative quan-
tification of target genes was carried out using TaqMan gene 
expression assays and TaqMan™ Fast Advanced Master 
Mix in a Step One Plus Real-Time PCR system (Applied 
Biosystems). All PCR reactions for the given samples were 
carried out in triplicates in a PCR compatible MicroAmp 
Fast 96-Well Reaction Plate (Applied Biosystem). The rela-
tive expression of all the target genes was normalized to 
housekeeping genes hypoxanthine phosphoribosyl trans-
ferase 1 (HPRT1) and Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH). Details of TaqMan primers and probes 
used in RT-qPCR can be traced from supplementary Table 1.

Statistical analysis

Data analysis was carried out using IBM SPSS Statistics 
25 (SPSS, Inc., USA). For normally distributed data, the 
student’s t test or one-way analysis of variance (ANOVA) 
or two-way ANOVA was applied to determine the statisti-
cal significance between different experimental groups. On 
the other hand, the Mann–Whitney test was used to deter-
mine the statistical significance of non-normally distributed 
data obtained from two independent groups. Specifically, in 
ascertaining differential gene expression, statistical analysis 
was performed on 2−delta Ct. The value of p < 0.05 was con-
sidered statistically significant.

Results

There was a distinct difference between our two animal 
models. Whereas western diet resulted in visceral obesity 
and insulin resistance, glucose spikes produced no meta-
bolic effects. There was also marked dyslipidemia, bor-
derline-high fasting glucose, and an increase in circulating 

levels of TNF-α in the western-type diet group (Tables 1 
and 2).

Our transcriptional profiling results show that western 
diet-induced obesity and glucose spikes independently 
caused more than a twofold increase in the expression of 
STEAP4 and eight pro-inflammatory genes in common. The 
list includes CCL2, IL1B, TNF, CXCL2, CCR2, CXCR2, 
S100A8, and IL1R2 (Suppl Fig. 3).

To validate these microarray findings, we chose four 
representative genes; STEAP4, CCL2, IL1B, and TNF. RT-
qPCR confirmed that visceral obesity and glucose spikes 
independently induced STEAP4 and pro-inflammatory gene 
(CCL2, TNF, IL1B) expression in PBMCs. However, the 
combined effect of glucose spikes and western diet in alter-
ing the expression of the STEAP4 and aforementioned pro-
inflammatory genes was subtle and non-additive (Fig. 3).

As mentioned above, visceral obesity-induced not only 
pro-inflammatory genes but also anti-inflammatory genes, 
such as STEAP4. We also observed a strong positive correla-
tion between STEAP4 and pro-inflammatory gene expres-
sion (Fig. 4). Moreover, both pro-inflammatory genes and 
STEAP4 gene expression were positively correlated with 
body weight, adiposity index, non-esterified fatty acid 
(NEFA) concentration, and the homeostasis model assess-
ment of insulin resistance (HOMA-IR) (Suppl Fig. 4a–d).

Similar to our in vivo observation, an intermittent hyper-
glycemic condition caused a parallel increase in the expres-
sion of STEAP4 and pro-inflammatory genes in RAW 264.7 
cells. However, the effect of constant hyperglycemic condi-
tion was stronger than glucose spikes (Fig. 5).

Since our visceral obesity animal model displayed sig-
nificant insulin resistance together with an increase in cir-
culating levels of NEFA, we attempted to elucidate the role 
of these factors in altering the expression of genes of inter-
est. In this case, the mouse monocytes/macrophage cell-line 
(RAW 264.7 cells) were treated with either palmitic acid, 
high insulin, or a combination of both. We then found that 
neither palmitic acid nor high insulin could significantly 
alter STEAP4 expression. However, the two synergistically 

Table 1   Body weight, energy intake, adiposity index, blood pressure and insulin tolerance test at 17 weeks of age

ITT insulin tolerance test; AUC​ area under the curve; BP blood pressure; Adiposity index= ((epididymal + retroperitoneal + visceral fat) / BW) 
* 100; MF standard chow group; WTD western diet group; GS glucose spikes

MF WTD Two-way ANOVA p values

GS (-) GS (+) GS (−) GS (+) Diet GS Interaction

Body weight (g) 371 ± 7.7 369.1 ± 9.5 535.2 ± 24.2 545.0 ± 26.6  < 0.001 0.840 0.759
Intake (KcaL/day) 70.7 ± 0.4 70.9 ± 0.3 95.9 ± 1.9 96.6 ± 0.6  < 0.001 0.704 0.834
Adiposity index 2.3 ± 0.1 2.0 ± 0.2 6.4 ± 0.3 6.8 ± 0.6  < 0.001 0.801 0.355
Systolic BP (mmHg) 126.0 ± 3.8 121.1 ± 7.6 128.3 ± 3.6 126.7 ± 4.5 0.452 0.538 0.752
Diastolic BP (mmHg) 77 ± 5.4 75.0 ± 4.0 72.4 ± 2.8 74.9 ± 4.5 0.584 0.960 0.607
ITT AUC 0–180 391.1 ± 20.0 361.6 ± 15.2 615.5 ± 38.9 597.5 ± 43.0  < 0.001 0.461 0.854
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increased the expression of STEAP4 in RAW 264.7 cells. To 
some extent, a similar trend was observed in the pro-inflam-
matory genes (Fig. 6a).

We further attempted to investigate the combined effect 
of either high glucose and palmitic acid or high glucose 
and insulin in which the former but not the latter resulted 
in a marked increase in STEAP4 and pro-inflammatory 
gene expression in RAW 264.7 (Fig. 6b, c). Moreover, our 
attempt to stimulate the RAW 264.7 cells with inflamma-
tory cytokines resulted in an increase in STEAP4 expres-
sion at least partly through the p38 MAPK/NF-κB signaling 
pathways (Fig. 6d). This tends to suggest that inflammatory 

cytokines secreted in the culture media in response to vari-
ous treatments, such as high glucose are responsible for the 
observed effect.

In our supplementary experiments, we also observed 
a respective dose-dependent LPS, AGE-BSA, and PMA-
induced increase in the expression of STEAP4 and pro-
inflammatory genes (Suppl Fig. 5a–c).

We eventually tried to clarify the mechanism responsible 
for STEAP4 induction in which it was observed that a cell-
permeable Nrf2 activator, 4-octyl itaconate, respectively, 
suppressed glucose spikes, palmitic acid + high insulin, and 
LPS-induced expression of STEAP4 and pro-inflammatory 

Table 2   Biochemical parameters at 17 weeks of age

HOMA−IR= fasting insulin × fasting glucose/22.5; HMW high molecular weight; MF standard chow group; WTD western diet group; GS glu-
cose spikes

MF WTD Two−way ANOVA p values

GS (−) GS (+) GS (−) GS (+) Diet GS Interaction

Fasting blood glucose (mg/dL) 80.3±2.3 80.1±4.1 104.0±4.7 104.3±3.7 <0.001 0.958 0.956
Fasting insulin (µIU/mL) 15.0±2.5 10.7±1.8 51.6±6.3 61.0±6.3 <0.001 0.589 0.156
HOMA−IR 3.1±0.5 2.2±0.4 13.6±2.2 16.0±2.1 <0.001 0.615 0.297
Total cholesterol (mg/dL) 63.3±1.6 53.3±2.0 45.9±4.0 45.1±3.2 <0.001 0.073 0.117
Triglycerides (mg/dL) 45.0±4.1 38.7±1.9 159.0±6.3 156.9±8.2 <0.001 0.461 0.716
Free fatty acids (µEq/L) 343.1±19.8 329±19.8 704.1±31.5 745.1±58.4 <0.001 0.719 0.472
AST (IU/L) 54.1±2.2 42.6±6.2 70.3±10.3 65.7±4.6 0.006 0.229 0.598
ALT (IU/L) 28.0±1.8 30.4±3.7 41.1±3.7 38.9±4.2 0.003 0.983 0.478
LDH (IU/L) 54.1±5.9 64.4±6.16 67.6±8.5 59.1±4.8 0.542 0.889 0.168
TNFα (ng/mL) 9.8±1.2 7.6±0.7 18.7±4.4 17.1±1.3 <0.001 0.433 0.913
HMW adiponectin (ng/mL) 5.2±0.8 6.7±0.8 4.1±0.8 3.9±0.8 <0.001 0.628 0.607

Fig. 3   mRNA expression of 
A STEAP4 B CCL2 C TNF 
and D IL1B in PBMCs in 
response to glucose spikes or 
western-type diet (RT-qPCR) 
Data expressed as a fold change 
normalized to HPRT1 Values 
are means ± SEM (n = 8–10–
10–10) *p < 0.05 **p < 0.01 
versus the MFGS (−) group MF 
and WTD stand for the control 
diet and western diet groups, 
respectively, GS (−/+) denotes 
without or with glucose spikes
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genes in RAW 264.7 cells (Fig. 7a, b and Suppl Fig. 6). 
Moreover, because STEAP4 expression was coupled to 
the expression of inflammatory genes, we also attempted 
to determine if STEAP4 expression is associated with 
some changes in key inflammatory signaling pathways, in 
this case, inhibitors of p38 MAPK and NF-KB attenuated 
STEAP4 expression induced by either glucose spikes, or 
a consistent hyperglycemic condition, or a combination of 
palmitic acid and high insulin, respectively (Fig. 7c, d).

Discussion

In this study, to the best of our understanding, we have 
shown for the first time that hyperglycemic spikes and early 
stages of diet-induced obesity are associated with a concur-
rent increase in STEAP4 and pro-inflammatory gene expres-
sion in mononuclear cells. We have also shown that the com-
bined effect of western diet and glucose spikes in altering the 
expression of these genes was subtle and non-additive, sug-
gesting that hyperglycemic spikes and obesity-related fac-
tors utilize the same pathway in inducing the expression of 
these genes. In an attempt to replicate our findings ex vivo, 

a combination of palmitic acid and high insulin synergisti-
cally increased STEAP4 and pro-inflammatory gene (such 
as IL1B, and IL6) expression in RAW 264.7 cells, suggest-
ing that increased circulating free fatty acids and hyperinsu-
linemia in obesity or insulin-resistance state are metabolic 
factors responsible for monocyte activation. Furthermore, 
findings from our mechanistic studies suggest that increased 
signaling through the p38MAPK/NF-KB pathway, inflam-
mation, and oxidative stress are associated with increased 
STEAP4 expression in mononuclear cells.

It is already reported that hyperglycemia can potentially 
induce the expression of pro-inflammatory genes in mon-
onuclear cells [26, 27]. In addition to that, Wang and his 
co-workers [28] for the first time reported that a constant 
hyperglycemic state can induce the expression of STEAP4 in 
RAW 264.7. Although the effect of repetitive glucose spikes 
was obviously predictable, to the best of our knowledge this 
is the first report to provide the concrete effect of repetitive 
glucose spikes on the expression of inflammatory genes and 
STEAP4 in mononuclear cells.

In our in vitro experiments with RAW 264.7 cells, we 
observed that the effect of constant hyperglycemic condition 
in inducing the expression of STEAP4 and pro-inflammatory 
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genes was stronger than that of intermittent hyperglyce-
mic condition. Although Cariello et al. [29–31] never con-
ducted a similar experiment, this finding is opposite to many 
of their reports highlighting the prominent pathophysiologi-
cal significance of postprandial hyperglycemia or glucose 
spikes in the pathogenesis of cardiovascular diseases. This 
finding is also different from a finding by Liu et al. and Li 
et al. on the relative effect of intermittent high glucose on 
the expression of cytokines and inflammatory mediators in 
human coronary artery endothelial cells and THP-1 cells, 
respectively [32, 33]. Although our study and theirs didn’t 
follow the same protocol, this discrepancy of results war-
rants further investigation.

Our visceral obesity animal model exhibited high fasting 
insulin and free fatty acids levels which are typical of vis-
ceral obesity, insulin resistance state. However, surprisingly, 
in our in vitro experiments, palmitic acid caused no change 
in the level of expression of our genes of interest, probably 
because it was used in minimal concentration (100 µM), 
but a combination of palmitic acid and high insulin caused 
a synergistic increase in the expression of STEAP4 and 

pro-inflammatory genes; CCL2, IL6, and IL1B in RAW 
264.7 cells.

Although the pro-inflammatory nature of saturated fatty 
acids (SFA) on immune cells is well-substantiated in a good 
number of studies [34–36], our results align with the recent 
report by Kikumi et al. questioning the pro-inflammatory 
character of saturated fatty acids particularly in cell cul-
ture systems [37]. It is more likely that increasing the con-
centration of palmitic acid beyond the one used in this exper-
iment would lead to a concurrent increase in STEAP4 and 
pro-inflammatory gene expression. However, we observed 
the phenomenon reported by Kim et al. of higher concentra-
tions of palmitic acid inducing necrosis in RAW 264.7 cells; 
that’s why a minimal concentration of palmitic acid was used 
in our cell culture experiments.

Our finding that palmitic acid and high insulin act syn-
ergistically to increase CCL2, IL6, and IL1B expression in 
RAW 264.7 cells is similar to what has been reported by 
Bunn and his colleagues [38] on the combined effect of pal-
mitate and insulin in inducing the expression of IL6 in 
human monocytes. Their report suggested that an increase in 
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the free fatty acid flux through the glycerolipid biosynthesis 
pathway in the hyper-insulinemic state may be responsible 
for such an observation. However, most striking is the fact 
that, similar to our finding, they reported that the MAPK 
inflammatory signaling pathway (an essential secondary 
branch of the insulin signaling pathway) was responsible 
for the observed palmitate-high insulin synergy. In this 
study we also showed for the first time that palmitic acid 

and high insulin synergistically increase STEAP4 expression 
in mouse monocyte cell-line (RAW 264.7 cells).

In our experiments increased STEAP4 expression by 
RAW 264.7 cells in different conditions, such as glucose 
spikes, persistent high glucose, and a combination of pal-
mitic acid, and insulin was attenuated by either a cell-
permeable Nrf2 activator or inhibitors of p38MAPK and 
NF-kB. In addition, inflammatory cytokines (TNF and 

Fig.6   A The mRNA expression 
of (a1) STEAP4 (a2) CCL2 
(a3) TNF and (a4) ILIB after 24 
hours exposure of RAW 264.7 
cells to either a vehicle control 
(BSA) 100μM palmitic acid 
100nM Insulin or a combina-
tion of 100μM palmitic acid and 
100nM Insulin (RT-qPCR) Data 
expressed as a fold change nor-
malized to GAPDH Values are 
Means ± SEM (n = 5–5–5–5) 
*p < 0.05 ***p < 0.001 versus 
the vehicle-control group.  B 
The mRNA expression of (b1) 
STEAP4 (b2) CCL2 (b3) TNF 
and (b4) ILIB after 48 hours 
exposure of RAW 264.7 cells to 
either a vehicle control (BSA) 
100μM palmitic acid high 
glucose (30mM) or a combina-
tion of 100μM palmitic acid 
and high glucose (RT-qPCR) 
Data expressed as a fold change 
normalized to GAPDH Values 
are Means ± SEM (n=5-5-5-5) 
* **p<0.001 versus the vehicle-
control group. C The mRNA 
expression of (c1) STEAP4 (c2) 
CCL2 (c3) TNF and (c4) ILIB 
after 48 hours exposure of RAW 
264.7 cells to either 5.5mM 
glucose (control group) high 
glucose (30mM) high insulin 
(100nM) or a combination of 
high glucose and high insulin 
Data expressed as a fold change 
normalized to GAPDH Values 
are means ± SEM (n = 7–7–
7–7) **p < 0.01 ***p< 0.001 
versus the control group. D 
The effect of (d1) PDTC an 
inhibitor of NF-κB activation 
on inflammatory cytokines-
induced STEAP4 mRNA 
expression (d2) SB203580 a 
p38 MAPK inhibitor on inflam-
matory cytokines-induced 
STEAP4 mRNA expression 
Data expressed as a fold change 
normalized to GAPDH Values 
are Means ±SEM (n = 5–5–5–5) 
***p < 0.001 *p < 0.05
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Fig.6   (continued)

Fig.7   A The mRNA expression of (a1) STEAP4 (a2) CCL2 (a3) 
TNF and (a4) IL1B after 72 hours exposure of RAW 264.7 cells to 
either 8/16 hours repetitive cycles of mannitol osmolar fluctuations 
(control group) glucose fluctuations or 0.1mM of 4-octyl itaconate 
at every peak of glucose fluctuation (RT-qPCR) Data expressed 
as a fold change normalized to GAPDH Values are Means ± SEM 
(n = 5–5–5) **p < 0.01 ***p < 0.001 against the mannitol osmo-
larity-control group O.I* stands for 4-octyl itaconate. B The mRNA 
expression of (b1) STEAP4 (b2) CCL2 (b3) TNF and (b4) IL1B 
after 24 hours exposure of RAW 264.7 cells to either a vehicle con-
trol (BSA) a combination of 100μM palmitic acid and 100nM Insu-
lin or a combination of 100μM palmitic acid and 100nM Insulin 
and 0.1mM of 4-octyl itaconate (RTqPCR)Data expressed as a fold 
change normalized to GAPDH Values are Means ± SEM (n = 5–5–5) 
**p < 0.001 against the vehicle-control group O.I* stands for 4-octyl 
itaconate. C The effect of (c1) PDTC an inhibitor of NF-κB activa-

tion on glucose spikes-induced STEAP4 mRNA expression in RAW 
264.7 cells (c2) SB203580 a p38 MAPK inhibitor on glucose spikes-
inducedSTEAP4 mRNA expression in RAW 264.7 cells (c3) PDTC 
an inhibitor of NF-κB activation on persistent high-glucose induced 
STEAP4 mRNA expression in RAW 264.7 cells (c4) SB203580 a 
p38 MAPK inhibitor on persistent high-glucose induced STEAP4 
mRNA expression in RAW 264.7 cells Dataexpressed as a fold 
change normalized to GAPDH Values are Means ± SEM (n = 5–5–5) 
***p < 0.001 **p < 0.01 *p < 0.05 NS means not statistically sig-
nificant. D The effect of (d1) PDTC an inhibitor of NF-κB activation 
on palmitic acid-high insulin-induced STEAP4 mRNA expression in 
RAW 264.7 cells (d2) SB203580 a p38 MAPK inhibitor on palmitic 
acid high insulin-induced STEAP4 mRNA expression in RAW 264.7 
cells Data expressed as a fold change normalized to GAPDH Values 
are Means ± SEM (n = 5–5–5) ***p < 0.001 **p < 0.01
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IL6) additively increased STEAP4 expression in these 
cells. This corroborate the findings of previous all studies 
showing that STEAP4 expression is induced by increasing 
oxidative stress or inflammation [20–25].

As mentioned earlier, the balance between pro-ather-
ogenic and anti-atherogenic factors (inflammatory status 

being one of such factors) is very crucial in the devel-
opment of atherosclerotic lesions. To the best of our 
knowledge, this is the first study showing that repetitive 
hyperglycemic spikes and visceral obesity can induce the 
expression of not only pro-inflammatory genes but also the 
anti-inflammatory gene (STEAP4) in mononuclear cells.
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Conclusion

In conclusion, diet-induced obesity and glucose spikes 
independently induced the expression of STEAP4 and 
pro-inflammatory genes in mononuclear cells, but, their 
combined effect was not additive. An increase in STEAP4 
expression is a compensatory response.
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