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ABSTRACT

Background: Natural killer (NK) cells play arole in the pathogenesis
of various metabolic diseases related to obesity. While our initial
findings have indicated a potential involvement of NK cells in the
pathogenesis of type 2 diabetes mellitus, the precise mechanism
underlying NK cell-mediated development of this form of diabetes
remains inadequately comprehended.
Objective: To investigate the impact and the underlying mechanism of
high glucose and elevated levels of free fatty acids (FFAs) on immune
and inflammatory responses and oxidative stress in NK92 cells.
Methods: In this experiment, the CCKS cytotoxicity assay was used
to select the 444 mM and 1.5 mM concentrations of high glucose
and high FFAs, respectively, to treat NK92 cells for 4 days. The
concentrations of superoxide dismutase (SOD) and glutathione (GSH)
were determined using a biochemical analyzer. Intracellular reactive
oxygen species (ROS) levels, cytokines concentrations (TNF-a, [FN-y,
IL-6, and IL-10), and the expression levels of intracellular molecules
(perforin and granzyme B) were assessed by flow cytometry.
Results: The number of NK92 cell clumps was significantly reduced
in the high-FFA (HF) group. In addition, the production of ROS and
levels of cytokines (TNF-o, IFN-y, IL-6, and IL-10) significantly
decreased in the HF group but showed no significant change in the
high-glucose (HG) group. This observation was consistent with the
expression levels of perforin and granzyme B that decreased in the
HF group.
Conclusion: High FFAs induced morphological changes and
serious damage to oxidative stress and inflammatory response in
NKO2 cells.
Keywords: Cytokines, High FFA, Intracellular Molecules, NK92 Cells,
Oxidative Stress

456

*Corresponding author:
Yijun Nie,

Department of Clinical
Laboratory, First Affiliated
Hospital, Medical College
of Nanchang University,

17 yongwaizheng street,
Nanchang, Jiangxi 330006,
China

Email: 570496717@qgqg.com

Cite this article as:

Wu H, FuY, Jiang Y, Liu Y, Cheng
Z, Shao Y, Nie Y. High-free Fatty
Acid Treatment Induced Anti-
inflammatory Changes in a Natural
Killer (NK) Cell Line. Iran J
Immunol. 2023; 20(4):456-465,
doi: 10.22034/1ji.2023.99972.2670.

Received: 2023-08-23
Revised: 2023-10-04
Accepted: 2023-10-04

Iran J Immunol Vol. 20, No. 4, December 2024



Damage to NK cells by high-glucose and high-FFA

INTRODUCTION

Diabetes mellitus is a type of metabolic
disorder characterized by the disturbance
in glucose, fat, and protein metabolism
caused by defects in insulin secretion or
insulin resistance (1, 2). In addition to high
glucose, the majority of type 2 diabetic
mellitus (T2DM) patients exhibit high blood
lipid levels. High plasma-free fatty acids
(FFAs) resulting from advanced diabetes
mellitus have been associated with insulin
resistance and inflammation. (3, 4). Therefore,
hyperglycemia accompanied by high FFAs
can promote the occurrence and deterioration
of T2DM and mediate a chronic inflammatory
response in the body.

Natural killer (NK) cells are important
sentinels of the immune system that
differentiate and develop from hematopoietic
stem cells (5, 6). NK cells are effector
lymphocytes with cytolytic functions and
can secrete immunoregulatory factors. These
cells also serve as the interface between
innate and adaptive immunity. NK cells are
known to play a key role in various immune
responses, including apoptosis of tumor cells
and virus and bacterium-infected cells (6-8).

Studies have demonstrated that NK
cells are an important component of the
inflammatory microenvironment, and could
play a role in the pathogenesis of various
metabolic diseases related to obesity (9, 10).
Inflammation caused by obesity is generally
presumed to be the main reason for the
occurrence and deterioration of insulin
resistance and diabetes (11). Although
traditional research has shown that the
polarization of adipose tissue macrophages
(ATM) from anti-inflammatory macrophages
(M2) to pro-inflammatory macrophages (M1)
was a key process in the insulin resistance
caused by obesity (12), the emerging research
also suggested that the proliferation and
activation of NK cells in visceral tissue
cells of obese individuals can also exhibit
a significant role in insulin resistance and
T2DM (9, 10). Recent studies also have
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demonstrated that NK cells in obese patients
could trigger and amplify the secretion
of inflammatory cytokines such as tumor
necrosis factor (TNF)-a by macrophages
(13, 14). Although our preliminary results
revealed that the change of NK cells ratio
in peripheral blood lymphocytes and some
cytokines (IL-12p70, IL-6, IL-10, and IFN-y)
in serum may be related to the development of
type 2 diabetes and pre-diabetes population
(15), the mechanism underlying the NK cell-
mediated regulation of chronic inflammatory
response in diabetic mellitus is not fully
understood.

In the present study, we focused on the
effects of high glucose and high FFAs on
the oxidative stress, inflammatory response,
and intracellular molecular alterations in
NKO92 cells and investigated the underlying
mechanisms.

MATERIALS AND METHODS

Cell Lines

The human NK cell line, NK92, was
obtained from the Type Culture Collection
of the Chinese Academy of Sciences
(Wuhan, China). The culture conditions
for cells were alpha-minimum essential
medium (MEM) (C11095500BT, Gibco)
supplemented with 100 U/mL recombinant
IL-2 (200-02, PeproTech Asia), 12.5% horse
serum (SBJ-SE-HOO014, Nanjing SenBeilJia
Biological Technology, China), 12.5% fetal
bovine serum (SH30396.03; HyClone), 0.2
mM inositol, 0.1 mM [B-mercaptoethanol,
and 0.02 mM folic acid at 37°C in a 5% CO,
humidified incubator. In accordance with the
proliferation characteristics of NK cells, it
was necessary to refresh the cell culture every
three days.

Cytotoxicity Assay

NKO92 cells were plated in 96-well plates
at a density of 5x10° cells/well, and incubated
with 5.55 or 44.4 mM glucose and various
concentrations of FFAs (0.25, 0.5, 0.75,
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1.0, 1.25, 1.5, and 1.75 mM) prepared in
the presence of 1% bovine serum albumin
(BSA) for 4 days at 37 °C. FFAs comprise
sodium oleate and sodium palmitate, both of
which are long-chain fatty acids. At the end
of treatment, 10 pL of Cell Counting Kit 8
(CCKS) solution (GK10001, GLPBIO) was
added to each well. The plate was incubated
for 4 h at 37 °C, and the absorbance was tested
by a microplate reader (RT-6000, Rayto,
Shenzhen, China) at 450 nm wavelength.
Before the experiment, the cells treated
with various concentrations of FFAs were
subjected to cytotoxicity analysis; the data
showed that FFAs had no significant toxicity
to cell proliferation.

Cell Treatment and Experimental Groups

NK92 cells were treated for 4 days under
the following four conditions: the control
group (5.5 mM glucose+1% BSA), the high-
glucose (HG) group (44.4 mM glucose+1%
BSA), the high-FFA (HF) group (5.5 mM
glucose+1.5 mM FFA), and the high-glucose
and high-FFA (HGHF) group (444 mM
glucose+1.5 mM FFA).

Morphological Observation

NK92 cells were treated under the
abovementioned four conditions, and their
morphology was directly observed under a
TE-300 Nikon microscope (Nikon, Tokyo,
Japan).

Detection of Oxidative Stress (Reactive
Oxygen  Species  [ROS],  Superoxide
Dismutase [SOD], and Glutathione [GSH])
Analysis of Intracellular ROS Levels

NKO92 cells were incubated under
four different conditions in 12-well
plates for 4 days and then treated with
dichlorodihydrofluorescein diacetate (DCF-
DA), a molecular probe for the detection of
ROS. Intracellular ROS level was detected
using a ROS assay kit (S0033; Beyotime)
according to the manufacturer’s instructions
on the FL-1 channel of a flow cytometer
(Cytomics FC 500, Beckman Coulter, USA).
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Detection of SOD and GSH Levels

NKO92 cells were treated under four
different conditions in 12-well plates for 4
days. After centrifugation for 10 min at 1,000
xg and 4 °C, the supernatant was obtained
for the detection of SOD concentrations
(10804A11; Lecheng Bio, China) and GSH
concentrations (20211102; Lecheng Bio,
China) on a biochemical analyzer (Autolas
FX8 Series, Autobio, China).

The SOD level was detected by the
pyrogallol autoxidation method. The GSH
level was detected by the method based on the
enzyme cycle method and ultraviolet-visible
absorption (UV-VIS).

Detection of Cytokines

NK92 cells were treated under four different
conditions in 12-well plates for 4 days. After
centrifugation for 10 min at 1,000 xg and
4°C, the supernatant was obtained for the
detection of cytokines concentrations( TNF-a,
IFN-y, IL-6, and IL-10) using a commercially
available, human assay kit (20211201, Saiji
Bio, China) by flow cytometry (Cytomics FC
500, Beckman Coulter, USA) based on the
Cytometric bead array (CBA) technology. The
fundamental procedures of the experiment
closely resemble those of a capture sandwich
immunoassay. The specific operation was
executed in accordance with the methods
outlined in the prior publication (16).

Intracellular Perforin and Granzyme B
Levels

NK92 cells were subjected to the four
treatment conditions in 12-well plates for 4
days. After incubation, the cells were treated
with fluorescent antibody-labeling reagents
containing CD45 (200259, Beckman), CD3
(200138, Beckman), CD8 (200052, Beckman),
CD16 (200109, Beckman), and CD56 (200072,
Beckman) for 20 min in the dark. After
fixation and membrane permeabilization, the
cells were labeled with a granzyme/perforin
antibody (220202, Ruisikaier Bio, China), and
the expression of perforin and granzyme B was
detected using a flow cytometer (Cytomics FC
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500, Beckman Coulter, USA) and analyzed
using FlowJo version 10.5.3 software after
incubation for 20 min. in the dark.

Statistical Analysis

All experiments were carried on six times
to guarantee the reliability of results. The
data were presented as the mean+standard
deviation. The data were normalized based
on the readings reported for the control
group. Statistical analyses were executed by
the Statistical Package for Social Sciences
(SPSS) 11.5 software (SPSS, Inc., Chicago,
IL, USA). Oneway analysis of variance was
used to detect statistical differences in this
experiment. P<0.05 indicated statistically
significant differences.

RESULTS

High-glucose or/and High-FFA Treatment
Altered Cellular Viability

NK92 cells were treated with increasing
concentrations of FFAs (0-1.75 mM) and 5.5
mM or 44.4 mM glucose solution for 4 days.
While the treatment with 1.75 mM FFAs led
to a significant decrease in cellular viability
(p<0.05), 1.5 mM or lower concentrations
had only a mild effect on cellular viability
(Fig. 1). Based on the above results, we chose
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44.4 mM and 1.5 mM concentrations of high
glucose and high FFAs, respectively, for
further experiments.

Effects of the High-glucose or/and the High-
FFA Treatment on the Morphology of NK92
Cells

The NKO92 cells derived from the control
group displayed suspension growth and the
formation of cellular aggregates. In contrast
to the control group, the High Glucose (HG)
group’s cellular morphology remained largely
unaltered, showing no significant deviations.
The clumping of NK92 cells significantly
decreased in the HF group, which was
consistent with cellular deformation and
atrophy (Fig. 2). The NK92 cells from the
HGHF group showed a more obvious decrease
in clumping along with serious morphological
changes in terms of atrophy and deformation

(Fig. 2).

Effects of the High-glucose or/and the High-
FFA Treatment on Oxidative Stress in NK92
Cells

In comparison with the control group
(1.00£0.00), the HF group showed a
significant decrease in the production of
ROS (0.76£0.09) (p<0.05); no significant
change in ROS level was observed in
the HG group (1.05£0.12) (p>0.05).
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NK cells were treated by different concentration of FFAs for 4 days

Fig. 1. High-glucose or/and high-FFA treatment altered cellular viability. The graph on the left shows
cellular viability in the presence of 5.5 mM glucose and that on the right shows cellular viability in the
presence of 44.4 mM glucose. Treatment with 1.5 mM or lower concentrations of FFAs had only mild
effects on cellular viability, but 1.75 mM FFAs significantly reduced cellular viability (p<0.05). p<0.05
vs. the groups treated without FFAs; FFAs: plasma free fatty acids
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h the high glucose or/and the high FFAs (magnification:
10x20). Photographs A, B, C, and D show the morphology of NK92 cells from the control, HG, HF, and
HGHF treatment groups, respectively. In comparison with the control group, the HG group showed no
significant change in cellular morphology. The clumping of NK92 cells significantly reduced in the HF
group, consistent with morphological changes such as atrophy and deformation.

Fig. 2. Morphology of NK92 cells treated wit
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Fig. 3. Effects of the high-glucose or/and the high-FFA treatment on oxidative stress in NK92 cells.
The levels of ROS in control, HG, HF, and the HGHF groups were 1.00+0.00, 1.05+0.12, 0.76+0.09,
and 0.44+0.06, respectively. The contents of SOD and GSH in control, HG, HF, and HGHF groups
were 1.00+0.00, 0.94+0.04 and 0.89+0.04, 0.90+0.04 and 0.88+0.05, and 0.84+0.06 and 0.88+0.06,
respectively. p<0.05 vs. the control group. ROS: reactive oxygen species; SOD: superoxide dismutase;
GSH: glutathione; Con: control; HG: high-glucose; HF: high-FFA
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The expression levels of SOD and GSH
significantly decreased in both the HG
(0.94+£0.04 and 0.89+0.04, respectively)
and the HF (0.90+0.04 and 0.88+0.05,
respectively) groups (p<0.05) compared
with those in the control group (1.00£0.00)

(Fig. 3).

The Effects of High-glucose or/and the High-
FFA Treatment on Inflammatory Cytokine
Levels in NK92 Cells

The levels of inflammatory cytokines
(TNF-0, IFN-y, IL-6, IL-10) significantly
decreased in the HF group (0.78+0.09,
0.31+0.05, 0.55+0.05, 0.14+0.02, respectively)
(1.00+0.00) (p<0.05), but not in the HG group
(0.91£0.08, 0.94+0.07, 1.06+0.08, 0.9440.09,
respectively) (p>0.05) compared with those
in the control group (Fig. 4).

The Effects of High-glucose or/and the High-
FFA Treatment on Intracellular Molecules
(Perforin and Granzyme B) in NK92 Cells
In comparison with the control group
(1.00+0.00), the HF group showed significant
downregulation in the expression of perforin
and granzyme B (0.36+0.02 and 0.20+0.02,
respectively) (p<0.05). No significant
changes were observed in perforin and
granzyme B levels in the HG group
(0.99+0.01 and 0.99+0.01, respectively)
(p>0.05, Fig. 5).
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DISCUSSION

Although there are many mechanisms leading
to T2DM, more and more evidence shows
that chronic low-grade inflammation may
participate in the pathogenesis and progress
of T2DM (17). NK cells hold a pivotal role
within the innate immune system due to
their capacity for direct lysis of infected
cells without prior sensitization. Additionally,
NK cells possess the capability to stimulate
the production of cytokines and growth
factors, thereby influencing diverse immune
responses, such as anti-tumor and anti-
inflammatory functions (5, 6, 18).

A previous study found that the
upregulated expression of the P2X7 receptor
in monocytes in response to inflammatory
cytokine production was likely to participate
in the pathogenesis and progress of T2DM
(19). The results indicated that immune
cells and cytokines participate in mediating
chronic inflammation associated with T2DM.
Our preliminary study results demonstrated
that the change of NK cell ratio in peripheral
blood lymphocytes and some cytokines (IL-
12p70, IL-6, IL-10, and IFN-y) in serum
may be related to the development of type
2 diabetes and pre-diabetes population (15).
This result suggested that NK cells along with
inflammatory cytokines were involved in
the pathophysiological process of T2DM. In

E3 Con
E3 HG
&= HF
O HG+HF

Fig. 4. Effects of the high-glucose or/and the high-FFA treatment on inflammatory cytokine levels in
NK92 cells. The levels of TNF-a, IFN-y, IL-6, and IL-10 were as follows: control group, 1.00+0.00; HG
group, 0.91+£0.08, 0.94+0.07, 1.06+0.08, and 0.94+0.09, respectively; HF group, 0.78+£0.09, 0.31+0.05,
0.55+0.05, and 0.14+0.02, respectively; the HGHF group, 0.73+0.13, 0.32+0.04, 0.52+0.06, and 0.11+0.02,
respectively. ‘p<0.05 vs. the control group. TNF-a: tumor necrosis factor-alpha; IFN-y: interferon gamma;
IL: interleukin; Con: control; HG: high-glucose; HF: high-FFA
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Fig. 5. Effects of the high-glucose or/and the high-FFA treatment on intracellular molecules (perforin
and granzyme B) in NK92 cells. The expression levels of perforin and granzyme B in control, HG, HF,
and HGHF groups were 1.00+0.00, 0.99+0.01 and 0.99+0.01, 0.36+0.02 and 0.20+0.02, 0.33+0.03 and
0.15+0.02, respectively. p<0.05 vs. the control group. Con: control; HG: high-glucose; HF: high-FFA

this study, we investigated the effect and the
mechanism of action of high glucose and high
FFA on immune and inflammatory responses,
oxidative stress, and intracellular molecular
alterations in NK92 cells.

NKO92 is an established NK cell line
derived from the peripheral blood of a 50-year-
old male non-Hodgkin’s lymphoma patient
(20). NK92 cells provide an opportunity
for the development of next-generation off-
the-shelf cell therapy platforms (21). For
in vitro experiments, NK cells are mostly
derived from human peripheral blood (22,
23). However, peripheral blood-derived NK
cells often exhibit variations in their state
owing to individual differences. Therefore,
the NK92 cell line has been commonly used
in preclinical research because of its high-
intensity and broad-spectrum cytotoxic
effects (24, 25).

In the present study, we established the
model of NK cells’ injury in vitro induced by
high glucose and high FFA using the NK92
cell line. Based on the principle of inducing
high glucose and high FFAs in NK92 cells
without significant cytotoxicity to cell
proliferation, we chose 44.4 mM and 1.5 mM
concentrations of the high glucose and the
high FFAs, respectively in the experiment

(Fig. 1).
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As we all know, the maintenance of
normal cell morphology requires definite
cell culture conditions. In this experiment,
we found that the morphology of NK cells
cultured in a high-glucose medium was
hardly compromised compared with that of
cells from the control group; however, the
high-FFA treatment seriously affected NK
cell morphology, which was evident from
cellular atrophy and deformation as well
as the formation of clumps (Fig. 2). Thus,
NK cells cultured in a high-FFA medium
had compromised morphology, which may
adversely affect their functions.

The imbalance between an increased
generation of ROS and their removal by
antioxidant defenses could cause oxidative
stress. Intracellular antioxidant defenses
mainly consist of low-molecular-weight
thiols (mainly GSH) and various antioxidant
enzymes (such as SOD). Oxidative stress-
induced damage is associated with the
occurrence and development of several
chronic diseases (26). Innate immune cells
as the main factor of the innate immune
defense system could have an important effect
in controlling the damage caused by oxidative
stress (27). Research has shown that the
activation of NK cells was achieved through
various effector and regulatory functions via
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metabolic programming, which was based on
glucose-driven glycolysis and upregulation
of glutamine metabolism (28, 29). The
increase in ROS and GSH might promote
the upregulation of NK cell proliferation
and cytotoxic function. On the contrary,
the downregulation of ROS and GSH led to
functional impairment and recruitment of
inflammatory sites (28-30). We found that
the levels of three oxidative stress indicators
ROS, SOD, and GSH significantly decreased
in NK92 cells after the high-FFA treatment in
this study; on the other hand, only GSH and
SOD concentrations significantly decreased
after the high-glucose treatment. These
findings reflect that high-FFA treatment
was more likely to stimulate NK92 cells to
undergo oxidative stress-induced damage
than the high-glucose treatment. Our
research results are consistent with the above-
mentioned literature (28, 30), indicating that
high-FFA treatment could induce NK92 cells
to be in an inflammatory state, leading to a
decrease in the oxidative stress indicators and
triggering changes in various other functions
of NK92 cells.

Next, we detected the cytokines produced
by NK92 cells after the high-glucose and the
high-FFA treatment. Our preliminary results
revealed that the change of NK cell ratio in
peripheral blood lymphocytes and some
cytokines (IL-12p70, IL-6, IL-10, and IFN-y)
in serum may be related to the development of
type 2 diabetes and pre-diabetes population
(15). In a study of NK primary cells isolated
from the mice’s spleen, it was found that the
expression of inflammatory cytokines (IFN-y
and IL-17) was not significantly different from
the control group in the high glucose culture.
If the serum of diabetes mice were used for
culture, it would be found that the expression
of inflammatory cytokines (IFN-y and IL-
17) significantly reduced (31). In this study,
we witnessed no obvious change in levels of
various cytokines from NKO92 cells cultured
in the high-glucose medium; however, these
cytokine levels significantly decreased in
cells cultured in the high-FFA medium
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(Fig. 4). Our findings are consistent with the
previously cited literature (31), suggesting
that high-FFA treatment was crucial for
the altered inflammatory state of NKO92
cells in diabetes rather than hyperglycemia.
Interestingly, high FFA-treated NKO92
cells had reduced concentrations of pro-
inflammatory cytokines (TNF-a, INF-y,
and IL-6) as well as the anti-inflammatory
cytokine IL-10. This observation suggests
that these pro-inflammatory and anti-
inflammatory cytokines showed a similar
trend in their expression patterns. One
might wonder if this is the way for the body
to maintain homeostasis to avoid excessive
promotion or inhibition of inflammatory
responses.

NK cells can release perforin and
granzyme. Perforin can perforate the
surface of target cells allowing the entry of
granzyme B (32, 33). Perforin and granzyme
B act directly or by further activating other
types of immune cells to induce apoptosis,
therefore they may be considered cytotoxic
modulators (33, 34). Another research project
in our laboratory found that perforin and
granzyme B levels of NK cells significantly
increased in the vaccinated group compared
with the unvaccinated group in the study on
the influence of Omicron BA.2 infection after
COVID-19vaccinationinvitro(16). According
to the literature (31), diabetic condition (the
serum of diabetes mice was used for culture)
attenuated the expression and production of
cytolytic molecules (perforin and granzyme
B) in splenic NK cells, however only the
expression of perforin decreased in high
glucose culture compared with the control
group. These studies showed that perforin
and granzyme were important for regulating
the immune function of NK cells, meanwhile,
perforin and granzyme could also participate
in the chronic inflammatory response induced
by diabetes. Our experiments show that high-
FFA treatment decreased the expression of
cytolytic molecules (perforin and granzyme
B) in NK92 cells (Fig. 5). Our results were
basically consistent with the above report (31),
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suggesting that the cytotoxicity of NK cells
could decrease under the high-FFA treatment
instead of high-glucose treatment, leading to a
decrease in cytokine secretion and inhibition
of oxidative stress response-ability.

The present study has some limitations.
The specific signaling pathways involved in
the oxidative stress, inflammatory response,
and intracellular molecular alterations in
NKO92 cells were not elucidated. Effective
interventions to rescue NK92 cells from the
damage caused by the high-FFA treatment are
yet unknown, which warrants further studies.
In the next step, we will try to improve the
cytotoxic effects of NK cells through the
study of NK cell receptors or by modifying
the function of NK cells. Then we will still
study how to rescue the NK cells’ injury
caused by diabetes through specific signal
pathways, providing a new perspective for
the future application of NK cells in diabetes.

In summary, our findings confirm that high
FFAs induced various alterations, including
morphology changes, oxidative stress,
inflammatory response, and intracellular
molecular damage, in NK92 cells, suggesting
that the high adipose state of diabetic patients
may affect the functions of NK cells and
mediate an adverse state in the body.
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