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Abstract
Impaired Glc tolerance and hyperinsulinemia are a hallmark of type 2 diabetes (T2D) and are associated with an altered

innate and adaptive immune response. In this study, we used a high-fat diet (HFD)-induced model of pre-diabetes to

explore the pathological implications of altered innate lymphoid cell (ILC) profiles in a state of impaired Glc tolerance.

Sixteen male C57BL/6 mice were randomized to receive two experimental diets (n= 8 per group), low-fat (LFD), and

HFD for 8–13 wk. We evaluated the levels of circulating innate lymphoid cells and their respective cytokines following

HFD-feeding. The HFD group had impaired Glc tolerance, elevated insulin levels, and increased total cholesterol levels.

Notably, the levels of circulating ILC1s were elevated following 13 wk of HFD-feeding. Moreover, the levels of TNF-α
were decreased, but there were no changes in IFN-γ levels. Lastly, the levels of circulating ILC2s and ILC3s were com-

parable between the HFD and LFD group. The findings demonstrated that short-term HFD-feeding increases postprandial

blood Glc, total cholesterol and insulin levels. However, the metabolic changes did not alter ILC2 and ILC3 levels and

their respective cytokine profiles.
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Introduction
Noncommunicable diseases (NCDs) account for approxi-
mately 71% all deaths.1 Notably, obesity is a major risk
factor for the development of NCDs, including type 2 dia-
betes (T2D),2 which is characterized by persistent activa-
tion of both the innate and adaptive immune system.3

Activated immune cells infiltrate metabolic tissues, such
as adipose tissue, muscle and the liver, thus promoting a
pro-inflammatory state leading to insulin resistance.4 In
fact, altered innate and adaptive immune responses, are
associated with the pathogenesis and progression of
T2D.5,6 Th cells play a crucial role in modulating adaptive
immune responses have been linked with complications
metabolic disease, including T2D.3,7 Briefly, upon activa-
tion, Th cells differentiate into the functionally polarized
subsets; which comprise of Th1, Th2, Th17 and regulatory
T cells.8 The Th1 and Th17 subsets may orchestrate inflam-
matory responses through the production of IFN-γ and
IL-17.9 In a state of obesity, enhanced production of these
cytokines is associated with the development of insulin
resistance.10,11 Thus, highlighting the role of these

immune cells during an abnormal inflammatory response
that may lead to metabolic dysfunction.12–14

Previous experimental models of pre-diabetes have
already shown that low-grade inflammation is a crucial
initiator and determinant of developing overt T2D.12

Moreover, adipose tissue-resident innate lymphoid cells
(ILCs) promote inflammation, insulin resistance and
impaired Glc tolerance in pre-clinical models of pre-
diabetes and T2D.13,14 For instance, through the
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suppression of anti-inflammatory IL-5 and IL-13, the ILC2
subtype can dys-regulate an immune response, leading to a
state of chronic inflammation and metabolic dys-function.15

On the other hand, elevated IL-5 and IL-13 levels are asso-
ciated with improved Glc metabolism in both human and
experimental mouse models.4 Thus, the role of ILCs in a
state of pre-diabetes or diet-induced obesity remains
unclear. Thus, we propose that a better understanding of
the function of ILCs in pre-diabetes or in experimental
models of obesity may guide therapeutic interventions
aimed at alleviating the inflammation and associated meta-
bolic complications. Therefore, in this study we aimed to
enumerate circulating innate lymphoid subtypes using a
short-term high-fat diet (HFD)-induced pre-diabetic
model. Moreover, we evaluated the cytokine profiles asso-
ciated with each ILC subtypes using this prediabetic mouse
model.

Methods

Study design and experimental procedures
Sixteen, 8-wk-old C57BL/6 male mice were purchased
and housed at the Biomedical Research Unit (BRU) at
the University of KwaZulu-Natal, South Africa. The
animals were housed in two separate cages (n= 8/cage)
in an environment-controlled 12 h light cycle and dark
cycle. The animals had unrestricted access to food and
water throughout the experiment. The study protocol
was approved by the University of KwaZulu-Natal
(UKZN) Animal Research Ethics Committee (AREC) pro-
tocol number: AREC/081/018D. Pre-diabetes was induced
by short-term HFD (60 Kcal% derived from fat) feeding.
The experimental model and the composition of diets

has been previously described.16 The body masses were
measured weekly, during the experimental period
(Figure 1). We further evaluated the levels Glc tolerance,
following 8 wk of HFD-feeding, by performing an oral
Glc tolerance test (OGTT). Briefly, the mice were fasted
for 8 h and 3 g/kg Glc solution was administered via oral
gavage. Basal Glc levels and post-prandial Glc levels
were measured at varying time intervals (0, 30, 60, 90,
120 min) using the OneTouch®Select® handheld gluc-
ometer (LifeScan Inc., Milpitas, CA, USA) as previously
described.17

Measurement of haematological markers
All haematological parameters were measured using the
Beckman Coulter Ac T diff hemo-analyzer (Beckman
Coulter, Brea, CA, USA), as per the manufacturer’s proto-
col. These included the white cell count (WCC), RBC, as
well as lymphocytes and platelet counts.

Measurement of metabolic parameters and cytokine
profiles
Serum insulin levels were also determined following an
8 h fast, using an ELISA kit (Thermo Fisher,
Massachusetts, U.S.A), as per the manufacturer’s proto-
col. While, plasma lipid profiles were determined using
high density lipoproteins and low density lipoproteins/
very low density lipoproteins, cholesterol assay kit
(Abcam, Cambridge, MA, USA), as per the manufac-
turer’s protocol. Furthermore, the levels of serum Th1,
Th2 and Th17 cytokines levels were evaluated using the
Bio Legend, LEGENDplex™ Mouse Th Cytokine Panel
(BD Biosciences, San Diego, USA). While the data was

Figure 1. Experimental design. Sixteen C57BL/6 male mice were randomized into two diet groups (n= 8/per group), the diet

comprised of a LFD and HFD. The mice were kept on their respective diets for 8 wk. The changes in body masses was monitored

on a weekly basis. While oral Glc tolerance testing, insulin levels and other parameters were assessed after 8 wk of diet feeding.
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acquired using the BD FACS CANTO II flow cytometer,
as previously described.18

Enumeration and measurement of innate lymphoid
cells
We depleted monocytes and granulocytes using the
BD™ IMag Cell Separation system. Briefly, we per-
formed positive selection of monocytes (Anti-CD11b
Magnetic Particles, Clone M1/70) and granulocytes
(Anti-Mouse Ly-6G and Ly-6C Particles, Clone
RB6-8C5) as per manufacturer’s instructions. The fol-
lowing mouse Abs were used to characterize ILCs
CD55-PE (clone: RIKO-5), CD117-PE-Cy5 (clone:
2B8) and CD4-BV42 (clone: GK1.5), CD3-FITC
(clone: 17A2) and CD19-APC-Cy7 (clone:6D5) (BD
Bioscience, NJ, USA). To enumerate ILC subtypes, we
applied a gating strategy based on the lack of expression
of the classical lineage markers (CD19, CD3, CD4). We
identified the ILC1 subtype as lineage markers negative
(Lin-) and CD55 positivity (CD55+) (Figure 2D).

Whereas ILC3s were gated and identified as Lin- CD4
positive events (Lin-CD117+, CD4+) (Figure 2F). All
the data was acquired using BD FACS CANTO II flow
cytometer.

Statistical analysis
All statistical analysis was performed using GraphPad
Prism version 8 software, (GraphPad Software Inc, San
Diego, CA, USA). All non-parametric data was log-
transformed to meet the assumptions of normality prior
to statistical analysis and reported as mean and standard
deviation. Differences between the means of the indepen-
dent low-fat diet (LFD) and HFD groups were assessed
using an unpaired student t-test A P value of ˂ 0.05
was considered as statistically significant. Additionally,
we reported on the mean difference (MD), and the 95%
confidence of the ILC subtypes across the two groups.
The effect size was calculated using Cohens D method,
and a Z-score of 0.2, 0.5 and 0.8 was interpreted as
small, medium and large effect size respectively.19

Figure 2. The gating strategy used for the measurement of innate lymphoid cells. Figure A illustrates the viable and non-viable cells

from monocyte and granulocyte depleted PBMCs. Figure B shows the singlets gated from the viable cells in A. D, E, and F illustrate ILC1,

ILC2 and ILC3 gated from lineage negative viable cells.
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Results

Metabolic changes and Glc tolerance following 8 wk
of HFD and LFD feeding
Sixteen male C57BL/6 mice were kept on their respective
diets for a period of 8 wk. Although the weighed weekly
mass increased during feeding in both the HFD-fed (F(8,
63)= 21.80; P= 0.0001) and LFD-fed animals increased
(F(8, 63)= 6.314; P= 0.0001) (Figure 3A and B), the
animal masses were comparable at the end of the 8 wk
(P > 0.05) (Table 1). Moreover, the 2 h-post-prandial
Glc levels were significantly increased in the HFD-fed
group compared to LFD group (0.77± 0.08 vs. 0.61±
0.17; P= 0.04) (Figure 3C). Similarly, the fasting
insulin levels were significantly higher in the HFD
group compared to LFD group (4.50± 0.06 vs. 7.94±
1.86; P= 0.01) (Figure 3D).

Lipid and haematological parameters following
short-term HFD compared to LFD
The lipid profiles were measured after 8 wk of high fat
and low-fat diet feeding as shown in Table 1. In this
study, we demonstrated that total cholesterol and HDL

levels were significantly increased in the HFD compared
to the LFD group (P= 0.049). Whereas LDL levels were
comparable (P= 0.44). In order to ascertain whether
short-term HFD-feeding alters haematological profiles
we measured the WCC, RBC, platelet and lymphocyte
count following 8 wk of HFD-feeding. Interestingly,
WCC was markedly elevated in the HFD group compared
to the LFD group (P= 0.003) (Table 1). Notably, the
RBC, platelets and lymphocyte counts were comparable
(Table 1).

ILC-associated cytokines following short-term HFD
compared to LFD
After 8 wk of HFD-feeding, the cytokine levels associated
with each ILC subtypes were measured. The HFD group
had significantly decreased levels of TNF-α compared to
the LFD group (MD: −0.14[−0.28; −0.01]; P= 0.04; Z=
−2.80). However, there were no differences in INF-γ
levels observed in the HFD group compared to the LFD
group (MD: −0.10[−0.24; 0.04]; P= 0.14; Z=−2.00)
(Figure 3A). The ILC 2-associated cytokine (IL-5, IL-9,
IL-13) levels were similar in HFD compared to LFD
group (Figure 3B). The ILC 3 cytokines levels namely

Figure 3. Changes in body masses, Glc tolerance and insulin levels following 8 week HFD feeding. Figure A and B demonstrates

weekly body mass gain in HFD compared to LFD group. While Figure C and D illustrate postprandial Glc, and insulin levels

following 8 wk of HFD and LFD feeding. Results expressed are means± SEM (n= 8). * illustrate statistically significant values (P<
0.05) between HFD and LFD.
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IL-17 (MD: 0.09[−0.34;0.52]; P= 0.65; Z= 0.23) and
IL-22 were comparable (MD: 0.10[−0.07; 0.27]; P=
0.22; Z= 0.91) (Figure 4C) The levels of peripheral ILCs

were comparable in the HFD compared to the LFD.
Lastly, the levels of circulating ILC3 were not changed
after 8 wk of HFD feeding (2.85± 0.51 vs 3.74± 1.71, P

Table 1. An overview of metabolic and haematological parameters between HFD and LFD groups after 8 wk of feeding.

LFD HFD P Value

Mass (g) 26.00± 3.12 28.38± 1.92 0.0922

Metabolic profile
Glc levels (mmol/l)× Log 0.61± 0.17 0.77± 0.08 0.0438
AUC mmol/l× 120 min 632.6± 74.63 747.90± 73.36 0.0001
Insulin 4.50± 0.06 7.94± 1.86 0.0140
Lipid profiles
Total cholesterol (µg/µl) 0.02± 0.00 0.04± 0.01 < 0.0003
LDL (µg/µl) 0.11± 0.08 0.09± 0.00 0.6494

HDL (µg/µl) 0.16± 0.06 0.09± 0.00 < 0.0495
Haematological parameters
RBC (106/µl) 7.05 (7.05; 7.17) 7.17 (6.34; 7.54) 0.8824

WCC (103/µl) 4.70± 0.63 7.278± 1.93 0.0326
Lymphocyte 89.49± 1.34 89.59± 1.18 0.8704

Platelet counts (103/µl) 768.20± 189.20 659.60± 134.60 0.2071

Significance (P< 0.05) shown in bold. AUC: area under the curve. LDL: low-density lipoprotein. HDL: high-density lipoproteins. RBC: red blood cells.

WCC: white cell count.

Figure 4. ILC cytokine profile in HFD compared LFD group after the 8 week diet feeding. A, B, and C demonstrate ILC, ILC2 and

ILC3 associated cytokine respectively. Significant values (P< 0.05) shown in boldface.
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= 0.1941). To ensure reproducibility of these results, we
perfomed a replication study and data is presented in the
supplementary table (Table 1S).

Circulating ILC levels following 13 wk of HFD-feeding
To further determine whether an extended period of
HFD-feeding affects the levels of circulating ILCs, we eval-
uated the changes in circulating ILCs following 13 wk of
HFD feeding. Notably, the levels of circulating ILCs1
were higher in the HFD group (31.33± 8.04) compared to
the LFD group (22.54± 1.96), P= 0.02640 (Table 2).
Moreover the levels of circulating ILC2s remained compar-
able between HFD (4.77± 1.13) and LFD group (4.10±
0.64), P= 0.2364. Lastly, the levels of circulating ILC3s
were similar in the HFD group (21.36± 9.21) compared
to the LFD group (16.21± 8.11), P= 0.3756 (Table 2).

Discussion
The primary aim of this study was to enumerate the levels
circulating ILCs in a HFD-induced pre-diabetic mouse
model. We also aimed to evaluate the cytokine profiles
associated with each of the ILC subtypes in pre-diabetes.
In addition, we also evaluated total cholesterol and haem-
atological indices after 8 wk of HFD feeding. In this
study, a HFD was used to induce pre-diabetes in a mouse
model. Pre-diabetes was characterized by impaired Glc tol-
erance and significantly elevated levels of insulin. The
reported results are consistent with our previous results of
HFD-induced Glc intolerance.16,20 In our study impaired
Glc metabolism and elevated insulin levels were observed
in the HFD group and these were independent of mass
gain following 8 wk of HFD-feeding. Notably, elevated
levels of ILC2 activity is associated with impaired Glc tol-
erance and dysregulated cholesterol in patients with meta-
bolic syndrome.15 However, evidence on the role of these
diverse ILCs and their associated cytokines in the early
development of T2D remains elusive. This experimental
model remains relevant since previous human studies
have shown a positive correlation between Glc tolerance
and circulating ILC1 levels.21

Briefly, ILCs are one of the major components of the
innate immune system22 and regulate the secretion of
several pro-inflammatory cytokines.23,24 ILCs are classified

into 3 groups (ILC1, ILC2, and ILC3) based on their
primary function which is similar to that of Th1, Th2 and
Th17.14,24 The current study demonstrated that the periph-
eral blood ILC1 levels were comparable between HFD
and LFD after 8 wk feeding. However these were elevated
after 13 wk of HFD-feeding. Notbly, ILC2 and ILC3 levels
remained comparable even during an extended period of
HFD-feeding. These findings suggest that although ILC2
and ILC3 evels remain unchanged following
HFD-feeding, marked changes in ILC1 levels may be
observed following 13 wk of HFD. This further suggests
that in HFD-diet induced Glc tolerance the duration of
feeding may be crucial factor in understanding the
changes in peripheral ILC subtypes. We also established
that the ILC3 levels in peripheral blood were comparable
after 8 wk short term HFD feeding and these findings
were also reproduced in our replication study.
Importantly, only a few studies have shown that elevated
ILC1 and ILC2 contribute to insulin resistance and in
obesity and T2D.25 Additionally, ILC2 levels are decreased
in obesity while a reduction ILC1 levels is associated with
inflammation, impaired Glc tolerance and insulin resis-
tance.26 To our knowledge these is the first study to
report on the ILC3 profiles in HFD mouse model of
pre-diabetes.

There is a strong link between ILC mediated inflammation
and metabolic disease. In fact, chronic inflammation which
leads to insulin resistance and as a consequence overt T2D,
is attributed to impaired immune function.26,27 In the present
study, we evaluated the changes in systemic ILC-associated
cytokine profiles in a state of pre-diabetes. Our findings
showed that following the short-term HFD-feeding, the
levels of ILC1 pro-inflammatory cytokines such as TNF-α
were decreased. However, HFD-feeding did not alter the
levels of IFN-γ pre-diabetes model which is an early phase
in development of T2D. In contrast, increased IFN-γ levels
were reported following longer duration of HFD-feeding dur-
ation of 12–16 wk in a diet-induced obesity model.28

Increased IFN-γ levels would promote the inhibition of
ILC2 activation in adipose tissue leading to reduced produc-
tion of anti-inflammatory cytokines.29 In our study, it was
apparent that short-term HFD-feeding did not affect anti-
inflammatory ILC2 cytokine levels (IL-5, IL-9, IL-13). This
may suggest that in T2D, ILC2 responses remain unaltered,
although IL-5 and IL-13 cytokines may play an indirect role
in the development of T2D related complications. As the
ILC2-associated cytokines such as IL-13, regulate Glc meta-
bolism and anti-inflammatory responses,4,30 while IL-5
orchestrates the recruitment and activation of eosinophils in
adipose tissue and ultimately promoting insulin sensitivity.27

The total lymphocyte count, WBC did not change after the
8 wk of HFD feeding as is the case with ILC subtypes in
the current study.

Here, we demonstrated that following short-term
HFD-feeding, the pro-inflammatory IL-17 and IL-22

Table 2. Circulating innate lymphoid cell levels following 13 wk

of HFD-feeding.

ILC subtypes LFD HFD P Value

%ILC1 22.54± 1.96 31.33± 8.04 0.0264
%ILC2 4.10± 0.64 4.77± 1.13 0.2364

% ILC3 16.21± 9.21 21.36± 8.11 0.3756

Significance (P< 0.05) shown in bold.
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which are ILC3-associated cytokines31,32 are not altered in
a state of impaired Glc tolerance. The current study only
evaluated ILC levels in peripheral blood and this limits
our understanding of the role of ILCs in metabolic
organs. However,previous studies have already provided
insght on the role of ILCS in metabolic organs including
adipose tissue33,34 and in the lungs. Future studies profiling
ILC subtypes in metabolic tissues such as adipose tissues,
liver and kidney are recommended. Furthermore, the cyto-
kine levels were measured from serum and the source of
these cytokines may be derived variety of cell lineages.

Conclusion
Short-term HFD-feeding induces metabolic dysfunction as
indicated by increased blood Glc, insulin and total choles-
terol levels. However, the metabolic changes do not alter
peripheral blood ILC subtypes and their subsequent cyto-
kine profiles.
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