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Abstract: The aim of this study was to systematically review literature on immune re-
sponses in liver tissue pathology in diabetes, focusing on immune cell populations and
related cytokines. A systematic search of relevant English full-text articles up to June
2024 from online databases, covering animal and human studies, was conducted using
the PRISMA workflow. Thirteen studies met criteria. Immune cells in the liver, including
monocytes/macrophages, neutrophils, and iNKT and T cells, were implicated in liver
inflammation and fibrosis in diabetes. Pro-inflammatory cytokines, including interferon-y,
tumor necrosis factor-«, interleukin (IL)-15, IL-18, and IL-1f3 were upregulated in the liver,
potentially contributing to liver inflammation and fibrosis progression. In contrast, the
anti-inflammatory cytokine IL-4 was downregulated, possibly attributing to chronic inflam-
mation in diabetes. Pathological immune responses via the TLR4/MyD88/NF-«B pathway
and the IL-17/IL-23 axis were also linked to liver fibrosis in diabetes. In conclusion, this
review highlights the putative pivotal role of immune cells in diabetes-related liver fibrosis
progression through their regulation of cytokines and signaling pathways. Further research
on diabetes and dysmetabolic liver pathology is needed to clarify immune cell localization
in the liver and their interactions with resident cells promoting fibrosis. Targeting immune
mechanisms may provide therapeutic strategies for managing liver fibrosis in diabetes.

Keywords: diabetes; liver fibrosis; MAFLD; MASLD; MASH; NAFLD; NASH; immune
cells; cytokines; inflammation

1. Introduction

Diabetes and liver fibrosis are interrelated chronic metabolic diseases [1]. Around 70%
of people with diabetes develop hepatic complications, including metabolic dysfunction-
associated fatty liver disease (MAFLD) or metabolic dysfunction-associated steatotic liver
disease (MASLD), formerly non-alcoholic fatty liver disease (NAFLD), and its severe form,
metabolic dysfunction-associated steatohepatitis (MASH), or non-alcoholic steatohepatitis
(NASH) [1]. In 2023, MAFLD/MASLD was officially defined through a multi-society Delphi
statement to replace NAFLD, emphasizing a shift from focusing solely on the absence of
alcohol consumption to recognizing its strong association with metabolic dysfunction,
including obesity, type 2 diabetes mellitus (T2DM), insulin resistance, and other related
conditions, while also replacing NASH with MASH to reflect disease progression [2]. In this
review, MAFLD and NAFLD, as well as MASH and NASH, are used interchangeably, as
the terminology prior to 2023 predominantly used NAFLD and NASH. NAFLD is the most
common chronic liver disease, ranging from simple steatosis to NASH, which increases the
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risk of fibrosis, cirrhosis, and hepatocellular carcinoma [1]. Diabetes, particularly T2DM,
is a major independent risk factor for NAFLD [1]. NAFLD affects 20-30% of those with
type 1 diabetes (T1DM), and 65-80% with T2DM, 31% developing NASH and 15-25% with
T2DM having severe liver fibrosis [3]. About 46% of those with T2DM and simple steatosis
develop NASH over time [3]. Moreover, mortality is higher in those with both diabetes
and chronic liver disease than in those with one or neither condition [4]. Despite the rise
of MAFLD/NAFLD and MASH/NASH in diabetes, relatively little is known about the
mechanisms and immune responses involved in such liver pathology.

T2DM is characterized by insulin resistance and inadequate beta cell response, leading
to hyperglycemia [5]. Chronic hyperglycemia raises advanced glycation end products (AGEs),
leading to increased reactive oxygen species (ROS) and oxidative stress [6] (Figure 1). This
activates transcription factors like activator protein-1 (AP-1) and nuclear factor-kappa B (NF-
kB), promoting cytokine expression and chronic inflammation, which disrupts immune cell
function and causes tissue damage [6].
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Figure 1. A current overview of the proposed pathogenic mechanism of diabetes-related liver fibrosis
through the dysregulation of immune responses and activation of hepatic stellate cells. Diabetes
promotes liver fibrosis through pathways including advanced glycation end products (AGEs)-induced
oxidative stress, which, for example, affects hepatocytes in liver lobules. This stress triggers the
release of cytokines and chemokines, leading to the activation of hepatic stellate cells (HSCs) and
the recruitment of both specific and non-specific immune cells [6]. Immune responses regulate
activated HSCs, the latter of which differentiate into collagen-producing myofibroblasts, resulting
in collagen accumulation and fibrosis progression. Additionally, activated HSCs release cytokines
that further stimulate immune cell activation, creating a reinforcing feed-forward loop that sustains
HSC activation and amplifies the fibrotic response [6]. Color-coded arrows represent interactions
between cytokines and chemokines (blue), immune cells (red), activated HSCs (purple), and activated
myofibroblasts (green). Created with BioRender.com.
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Liver fibrosis results from chronic inflammation, causing hepatocyte loss and extra-
cellular matrix (ECM) accumulation (primarily collagen and elastin) in the perisinusoidal
space, with immune cells playing a crucial role [7]. Hepatic stellate cells (HSCs), the main
ECM producers, are activated by profibrotic stimuli like ROS, transforming into myofi-
broblasts that produce collagen and inhibit matrix degradation [7] (Figure 1). Additionally,
activated HSCs secrete pro-inflammatory cytokines and chemokines, activating and re-
cruiting immune cells that further promote hepatic fibrogenesis [7] (Figure 1). In diabetes,
profibrotic stimuli exacerbate inflammation, impair immune function, and activate HSCs,
driving liver fibrosis [8] (Figure 1).

Immune cells, like monocytes/macrophages, neutrophils, invariant natural killer T
(iNKT) cells, and T lymphocytes, influence the fibrotic microenvironment. Macrophages,
including Kupffer cells (15% of hepatic cells), are key regulators of inflammation and
fibrosis [9]. M1 (classically activated) macrophages promote inflammation, while M2
(alternatively activated) macrophages support anti-inflammatory effects and tissue re-
pair [10]. Neutrophils facilitate inflammation resolution in tissues like the heart, skin, and
joints [11-13], but can also contribute to liver fibrosis [14], with diabetes influencing their
infiltration [15]. iNKT cells, a subset of NKT cells, interact with liver cells and may mod-
ulate hepatic metabolism [16], though their role in diabetes-related liver fibrosis remains
uncertain. CD4+ and CD8+ T cells are vital in liver fibrosis, with CD8+ T cells causing liver
damage [17] and CD4+ T cell subsets shaping the immune response [18].

These interactions highlight the role of immune cells, with population changes acting
as markers and contributing to fibrosis progression. This systematic review explores
immune responses in the liver, focusing on immune cell alterations in diabetes, cytokine
profiles, and signaling pathways, and provides an overview of how these immune cells
contribute to liver fibrosis in diabetes.

2. Materials and Methods
2.1. Search Protocol and Study Eligibility

The literature search used four databases: MEDLINE and Embase via OVID, PubMed,
and Scopus. Only English full-text articles published up to June 2024 were included. The
search strategy, including keywords and inclusion and exclusion criteria, was pre-defined
by the authors (Table S1).

A keyword panel was designed with seven categories of terms and their variations
(Table S1). Keywords related to diabetes, such as “diabetes mellitus”, “T1DM”, “T2DM”,
and “diabetic” were searched alongside liver-related terms including “liver”, “hepatic”,
“NASH”, “NAFLD”, “MAFLD”, “"MASH”, “MASLD”, and “fatty liver”. Immune-related
terms included “immune”, “immunity”, “immunophenotyping”, “adaptive”, and “innate
immunity”, as well as specific immune cell types including “macrophage”, “T cell”, “B
cell”, “neutrophil”, “monocyte”, “eosinophil”, “NK cell”, “dendritic cell”, “Kupffer cell”,
“mast cell”, “leukocyte”, and “lymphocyte”. Additional terms covered species (“mice”,
“mouse”, “murine”, “rat”, and “human”), fibrosis, and inflammation. Boolean operators
combined synonyms with ‘OR’ and categories with “AND’.

Search results were exported to EndNote (v.21) for organization. Following the com-
prehensive search across all four databases, this systematic review was conducted in
accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [19] (Figure 2). Duplicates were removed first; then, titles and ab-
stracts were screened to exclude reviews, conference abstracts, case reports, and studies
involving cohorts with comorbidities such as hepatitis C virus, hepatitis B virus, human
immunodeficiency virus, coronavirus disease-19 infection, or hepatic cancer. Full texts

of the remaining studies were screened further, excluding those where (i) diabetes was
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Screening Identification

Eligibility

not confirmed or glucose/insulin tolerance tests were not conducted; (ii) subjects had
gestational diabetes or alcoholic liver disease; (iii) the study did not focus on the liver
(e.g., graft-versus-host disease, helminth or bacterial infections, islet transplantation, or
rheumatoid arthritis); or (iv) immune cell profiles were not assessed in liver tissue. Two
reviewers evaluated the remaining studies based on the inclusion criteria: (i) diabetes was
confirmed; (ii) the study focused on liver tissue; (iii) immune cells were measured in the
liver; and (iv) liver pathology was observed. The final number of studies included in the
review is reported as ‘n’.

Studies identified from (n = 1034):

Medline (n = 206)
Embase (n = 323)
PubMed (n = 154)
Scopus (n = 351)

v

Replicates removed (n= 583)

A4

Studies screened (n = 451)

Studies excluded based on title and/or abstract (n = 281):

o Review article

o Conference abstract

e Case report

e  Cohort had comorbidity to diabetes e.g. HCV, HBV, HIV,
CQVID19, or Hepatic cancer.

\4

v

Reports assessed for eligibility (n = 170)

Reports excluded (n = 157):

e Diabetes models were not established. Only obesity was confirmed
(n = 49).

e  Studies related to gestational diabetes (n = 2).

e Liver condition was not clearly stated in the studies (inflammation,
NAFLD, NASH, or fatty liver) (n = 7).

e The primary study aim is related to graft-versus-host disease,
helminth infection, bacterial infection, islet transplantation, or
rheumatoid arthritis (n = 104).

A4

v
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e Alcoholic liver disease was the primary study aim (n = 2).
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Figure 2. PRISMA flow diagram outlines the systematic literature search and selection process for
studies profiling immune cells in the liver of people and animals with diabetes, encompassing both an-
imal (mice and rats) and human research. From an initial 1034 studies identified, 583 duplicates were
excluded. Screening of titles and abstracts resulted in the exclusion of 281 studies. A total of 170 full-
text articles were assessed for eligibility, of which, based on exclusion criteria, 157 were excluded,
whereas 13 met the predefined inclusion criteria and were included for comprehensive analysis.

2.2. Data Extraction

Extracted data included the following variables: experimental and control groups,
immune cell markers measured in liver tissue, cytokine expression levels in liver immune
cells, signaling pathway activities identified in the liver, histopathological changes observed
in liver tissue, and detection methods.

2.3. Risk of Bias Assessment

The Systematic Review Centre for Laboratory Animal Experimentation’s (SYRCLE’s)
risk of bias tool was used to assess animal studies [20], covering ten criteria across seven bias
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types: selection, performance, detection, attrition, reporting, conflicts of interest, and other.
The Newcastle-Ottawa Scale (NOS) was used to assess human case—control studies [21]
across three domains: selection, comparability, and exposure.

3. Results
3.1. Search Results

The systematic search and selection process are summarized in Figure 2. The total
number of papers found in four databases was 1034, using the keywords listed in Table S1.
After removing duplicates (n = 583), 451 articles were screened by title and abstract. Apply-
ing the exclusion criteria, 281 articles were excluded, leaving 170 for full-text assessment.
After further exclusions, 13 papers met the inclusion criteria and were included in the
review (Figure 2).

Of these, 3 studies involved human participants, totaling 159 individuals aged 25 to
88 years [22-24]. Two studies investigated individuals with T2DM (n = 59, 5) [22,23], while
one included both T1IDM (n = 8) and T2DM (n = 16) individuals [24]. The NOS scores of
these studies ranged from 8 to 9, reflecting good to high quality (Table S2). Ten studies
used animal models, comprising 215 mice or rats [25-34]. Only one study utilized T1IDM
rats (n = 12) [32], while the remaining studies employed low-dose (50 mg/kg) STZ-induced
diabetes (n = 6, 5, 10) [25,27,33] or T2DM animal models (n = 8, 60, 5, 10, 10, 4) [26,28-31,34].
SYRCLE’s assessment showed low to moderate bias risk (Table S3).

Investigated immune cells, including monocytes/macrophages (n = 8) [22,24-28,32,34],
neutrophils (n = 3) [25,30,33], iNKT cells (1 = 1) [29], and T cells (n = 5) [22,23,25,31,33],
were evaluated at mRNA and protein levels.

3.2. Monocytes/Macrophages

Eight studies investigated monocytes/macrophages in the liver under diabetes, us-
ing nine markers to identify monocytes/macrophages in mice (CD11b, Ly6C, F4/80,
CD11c, CD206, and CD86) and humans (CD14, CD16, and CD68) at protein or RNA
levels (Table 1) [22,24-28,32,34]. The studies found increased monocytes/macrophages
(CD1 1b+Ly6Chigh /F4/80+) in the livers of diabetic vs. non-diabetic mice [25,34]. In particular,
the infiltrating macrophages (CD11b+F4/80') were notably elevated (fold-change (FC) = 4.6,
p < 0.01) in the livers of diabetes mice, along with a higher expression of interferon-y (IFN-y)
(FC =2, p <0.01), tumor necrosis factor-« (TNF-o) (FC = 2.5, p < 0.05), and interleukin (IL)-13
(FC =2, p <0.01) [25] (Table 1). In contrast, liver-resident macrophages (CD11b+F4/ gohigh)
maintained similar populations in diabetic and non-diabetic mice [25] (Table 1).

Proinflammatory M1 macrophages (F4/80+CD11C—-CD206— or CD86+) were signif-
icantly increased in diabetic vs. non-diabetic mice/rats (p < 0.05), and associated with
liver abnormalities like steatosis, inflammation, necrosis, and fibrosis [26,27] (Table 1).
Conversely, M2 macrophages (CD206+) showed a decrease in the livers of both T2DM
and T1DM rats (p < 0.05), and were linked to liver pathology [27,32]. Notably, one study
reported no significant changes in M2 macrophage populations in T2DM mice when using
a different combination of M2 markers (F4/80+CD11C—CD206+) [26] (Table 1).

In human studies, non-classical CD14+CD16++ and intermediate CD14++CD16+
hepatic macrophages were more prevalent in diabetes with NASH or cirrhosis than diabetes
alone [22] (Table 1). Furthermore, these macrophages exhibited higher IL-15 and IL-18
expressions in individuals with diabetes and NASH (1.7-fold and 2-fold, both p < 0.05,
respectively) [24] (Table 1). Additionally, CD68+ macrophages were increased in both
T1DM and T2DM individuals compared to healthy controls, with no significant difference
between the two types of diabetes [24], consistent with findings from a study on diabetic
rats [28] (Table 1).



Int. J. Mol. Sci. 2025, 26, 4027

6 of 16

Table 1. Summary of immune cell population changes, marker expression, related cytokines” expres-

sion, signaling pathways, and pathological correlations in the liver with diabetes [22-34].

Direction of

Mice/Rats Models */Human

Cell Types Marker Detected Change Fold-Change p Value Altered Cytokines Activated Pathways Studies Reported Liver Pathology
CD11b+Lyschigh Increased 2825 <0.01
AIFN-y [25]
. Normal chow-fed, STZ-induced .
CD11b+F4/80int Increased 4625] <0.01 1TNF- [25] diabetic mice vs. normal Inflammation
chow-fed mice
1IL-1B [25]
hieh No significant -
CD11b+F4/80™8 change N/A [25] >0.05
F4/80+CD11e+CD206- Increased 6.526] <001
High-fat-diet-fed, STZ-induced Steatosis and
F4/80+CD11c- No significant T2DM mice vs. inflammation
CD206+ change N/A[260] >005 normal-chow-diet-fed mice
2
CD86+ Increased 45 2] <ot
221271 <0.05 High-fat-diet-fed, STZ-induced Inflammation and necrosis
IL-17/1L-23 diabetic Wistar rats vs. and fibrosis
Monocytes/ 3927 . » Lo y
Macrophages CD206+ Decreased 391271 <0.05 TLQ:}HZ%;;;iNF normal-chow-diet-fed Wistar rats
! - ) - R R -
. . Diabetes-prone Bio Breeding rats Steatosis and
2(32) <0.01 KB pathway [28] (TIDM) vs. Bio Breeding rats inflammation
(D144 Increased ;\I é‘? [52[3]: <0001
CD16+nt * C
Cirrhosis:2.3 [22] <0.001 Humans with T2DM and with or Steatosis and
without NASH or liver cirrhosis inflammation and fibrosis
NAHS:
CD14+CD16++ Increased 13[22] <005 TiL-18 ‘E‘;} LS
Cirrhosis:2.5 [22] <0.01
Humans with or without . .
21[24] <0.001 TIDM,/T2DM Steatosis observed in T2DM
CDés+ Increased High-fat-diet-fed, STZ-induced Steatosis and inflammation
N/A[28] N/A T2DM rats vs. and hepatocyte ballooning
normal-chow-fed rats and fibrosis
- High-fat-diet-fed T2DM mice vs.
F4/80+ Increased 1.3[34] <0.005 normal-chow-diet-fed mice
- TTNE-ox [25] Infl ti
1525 <005 Normal chow-fed, STZ-induced riammation
IL-1B3 [25] diabetic mice vs. normal
) chow-fed mice
Neutrophils CD11b+Ly6G+ Increased 1.5 [30] <0.05
. . . Steatosis and
6133] <0001 High-fat-diet-fed T2DM mice vs. 419 1 ation and hepatocyte
normal-chow-diet-fed mice .
ballooning
Normal chow-fed, KK-Ay diabetic Steatosis and
iNKT cells CD3+NK1.1+ Decreased 1.8[29] <0.01 JIL-4[29] mice vs. glycine-containing : .
. . inflammation
diet-fed KK-Ay mice
CD45+CD4+ No 3‘3;‘\‘;:3“‘ N/A[25] >0.05 IL-17/IL-23 Axis [26]
N | chow-fed, STZ-induced Inflammation
No significant ormal chow-fed, -inducex
CD45+CD8+ ocs]:g; 1ecan N/A [25] >0.05 diabetic mice vs. normal
8 chow-fed mice
CD4+CD69+ Increased 2.5[33] <0.05 Steatosis and
inflammation and hepatocyte
CD8+CD69+ Increased 2(33] <0.05 ballooning
CD4+CD28-CD57+ Increased 29[22] <0.05 TTNF-cx [22]
> Individuals with T2DM and with Steatosis and
13[22] <0.05 TTEN-y [22] or without NASH or liver cirrhosis inflammation and fibrosis
CD8+CD28-CD57+ Increased TTNF- [22]
1.4[23] <0.05 Individuals with or without T2DM Inflammation
T cells NASH:
13[22] <001
CD4+PD-1+ Increased
Cirrhosis:1.7 [22] <0.01 Individuals with T2DM and with Steatosis and
or without NASH or liver cirrhosis inflammation and fibrosis
NASH: 1.4 [22] <0.05
CD8+PD-1+ Increased
Cirrhosis:2 [22] <0.01
CD4+CD44+CD62L- Increased 1.4(31] <0.01 1TNF-cx [31]
H!.g]'l-.fﬂt-d]é.‘.f-.fed diabetic mice Steatosis and
CD8+CD44+CD62L- Increased 1.5[31] <0.001 TTNF-cx [31] within specific-pathogen-free . .
R inflammation and hepatocyte
- (T2DM) environment vs. exposed ballooning and fibrosis
CD4+CD44-CD62L+ Decreased 8.5[31] <0.001 to open environment g
CD8+CD44-CD62L+ Decreased 3.4[31] <0.01
Normal chow-fed, STZ-induced
CD25+Foxp3+ Increased 4.5[25] <0.01 diabetic mice vs. normal Inflammation

chow-fed mice

* Experimental group vs. control group. 1 indicates significant increase, | indicates significant decrease in

cytokine levels.

One study demonstrated increased toll-like receptor 4 (TLR4)/myeloid differentia-
tion primary response 88 (MyD88)/nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-«B) pathway activity in diabetic vs. non-diabetic rats, with higher TLR4 expres-
sion on hepatic macrophages (FC = 2.25, p < 0.05), contributing to steatosis, inflammation,
hepatocyte ballooning and fibrosis in diabetes liver [28]. The AMP-activated protein kinase
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(AMPK)/mammalian target of rapamycin (mTOR) pathway was reported to be suppressed
in diabetic mice, potentially reducing hepatic macrophage autophagy and increasing
IL-17/IL-23 axis-related molecules” expression, contributing to liver injury in T2DM with
NAFLD [26] (Table 1).

3.3. Neutrophils

Three studies investigated neutrophils in the liver of mice with and without dia-
betes, using markers CD11b and Ly6G via flow cytometry [25,30,33]. The total neutrophil
population was significantly higher in diabetic vs. non-diabetic mice (p < 0.05) (Table 1).
Additionally, TNF-« and IL-1§3 levels in neutrophils increased 1.8- and 1.7-fold, respectively
(p < 0.05) [25] (Table 1). These changes may contribute to steatosis, inflammation, and
hepatocyte ballooning in diabetes [25,30,33].

3.4. iNKT Cells

A study investigated liver iNKT cells in mice using CD3 and NKI1.1 via flow cy-
tometry [29]. In diabetic mice, iNKT cells were reduced 1.8-fold vs. non-diabetic mice
(p <0.01) [29] (Table 1). Additionally, IL-4 expression in iNKT cells was lower in diabetic
mice (p < 0.01) (Table 1), correlating with liver steatosis and inflammation [29].

3.5. T Cells

Five studies investigated T cells in the liver by flow cytometry using markers including
CD4, CD8, CD45, CD69, CD28, CD57, programmed cell death protein-1 (PD-1), CD44,
CD62L, CD25, and forkhead box P3 (Foxp3) [22,23,25,31,33] (Table 1).

In mouse studies, the proportion of CD4+ and CD8+ T cells in the liver was not affected
by diabetes; however, the activated CD4+(CD69+) and CD8+(CD69+) T cell counts were
higher in diabetes (FC = 2.5 and 2, respectively, both p < 0.05) vs. non-diabetes [25,33].
These activated T cells exhibited increased TNF-a expression (2- and 1.9-fold, respectively;
both p < 0.01), associated with liver steatosis, inflammation, and hepatocyte ballooning [33]
(Table 1). Additionally, regulatory T cells (Tregs) significantly increased in the liver of diabetes
vs. non-diabetes (p < 0.01) [25], while CD4+CD44+CD62L— and CD8+CD44+CD62L—
effector memory T cells were increased in diabetes with NASH compared to diabetes
alone (both p < 0.01) [31] (Table 1). In contrast, CD4+(CD44—CD62L+) (p < 0.001) and
CD8+(CD44—CD62L+) (p < 0.01) intrahepatic naive T cells were lower in diabetes with
NASH [31] (Table 1). Furthermore, IL-23 promotes the expansion and migration of CD4+ T
cells in the liver of T2DM with NAFLD, leading to increased IL-17A expression and
eventually liver injury [26] (Table 1).

In human studies, the senescent T cell proportion was more prevalent in individuals
with T2DM and liver disease than those without liver disease [22,23]. CD4+CD28—CD57+
and CD8+CD28—CD57+ T cells increased 2.9- and 1.3-fold, respectively (both p < 0.05),
in T2DM individuals with NASH or cirrhosis vs. those without liver disease [22]. Total
senescent CD8+ T cells was higher in T2DM vs. healthy controls (p < 0.05) [23] (Table 1).
PD-1 expression on CD4+ and CD8+ T cells also increased in T2DM (p < 0.05) [22], suggest-
ing a higher exhausted T cell proportion in the liver (Table 1). IFN-y and TNF-x expressions
were elevated in senescent T cells (p < 0.05) [22] (Table 1).

4. Discussion

Diabetes and liver fibrosis are closely related, with metabolic dysfunction and chronic
inflammation in diabetes likely driving liver fibrogenesis, where immune cells play a
pivotal role [8]. This review clarifies the roles and regulations of liver immune cells in
diabetes. Findings from human and animal studies underscore that diabetes, particularly
T2DM, alters immune cell profiles, including monocytes/macrophages, neutrophils, iNKT
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and T cells, promoting chronic inflammation and liver disease progression. The updated
proposed regulation of immune cells and their bioactivities in MAFLD/NAFLD, especially
MASH/NASH with fibrosis, is illustrated in Figure 3. Table 2 summarizes liver pathology
and the regulated immune cell subtypes, cytokines, and signaling pathways involved.
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Figure 3. Proposed mechanism of immune dysregulation in diabetes-related liver fibrosis. This
figure summarizes key immune cells, cytokines, and related pathways (TLR4/MYD88/NF-kB and
IL-17/IL-23 axis) implicated in the progression of MAFLD/NAFLD, particularly MASH/NASH with
fibrosis. Diabetes-induced ROS and AGEs drive steatosis, inflammation, and hepatocyte ballooning,
promoting fibrosis which may be regulated by monocytes/macrophages and T cells [22-34]. Created
with BioRender.com.

4.1. Innate Immune Cells

This review highlights a significant increase in infiltrating monocytes in diabetic livers,
with hepatic macrophages shifting to a pro-inflammatory state, elevating IFN-y, TNF-«, IL-1/3,
IL-15, and IL-18, promoting inflammation, and contributing to liver fibrosis [25] (Figure 3). Ac-
tivated HSCs express chemokine ligand (CCL)-1, CCL2, and CCL25, recruiting monocytes [35],
particularly Ly6C+ monocytes, from the circulation into the tissues [25,36]. Previous studies
have shown that reducing liver-infiltrating monocytes inhibits fibrosis [37], implicating these
cells as mediators of liver fibrogenesis [38]. In diabetes, HSCs can be activated by liver injury
and systemic cytokines, like IL-17 and IL-20 [39,40], enhancing CCL2-mediated monocyte
recruitment. Moreover, hyperglycemia can induce the proliferation and expansion of bone
marrow myeloid progenitor cells, leading to increased circulating monocytes in diabetic
mice [41]. This review supports the idea that increased monocyte infiltration is a key factor in
the pathophysiology of diabetes-related liver disease.
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Table 2. Summary of findings of liver pathology, along with immune cell type, cytokines, and

signaling pathway dysregulation in the liver [22-34].

Immune Factors

Liver Pathology

Steatosis

Inflammation

Hepatocyte Ballooning Necrosis

Fibrosis

Immune cells increased

M1 macrophages [26]

Infiltration monocytes [25]

M1 macrophages [26,27]

Intermediate monocytes [22]

Intermediate monocytes [22]

Non-classical monocytes [22]

Non-classical monocytes [22]

Neutrophils [34]

Neutrophils [25,33,34]

Neutrophils [34]

Activated CD4+/CD8+ T cells [33]

Activated CD4+/CD8+ T cells [33]

Senescent CD4+/CD8+ T cells [22]

Senescent CD4+/CD8+ T cells
[22,23]

M1 macrophages [27]
Activated CD4+/CD8+ T cells [33]

PD-1+CD4+/CD8+ T cells [22]

PD-1+CD4+/CD8+ T cells [22]

Memory CD4+/CD8+ T cells [31]

Memory CD4+/CD8+ T cells [31]

T regulatory cells [25]

Memory CD4+/CD8+ T cells [31]

M1 macrophages [27]

Intermediate monocytes [22]

Non-classical monocytes [22]

Senescent CD4+/CD8+ T cells [22]

PD-1+CD4+/CD8+ T cells [22]

Memory CD4+/CD8+ T cells [31]

Immune cells decreased

M2 macrophages [32]

M2 macrophages [27,32]

M2 macrophages [27]

Naive CD4+/CD8+ T cells [31] Naive CD4+/CD8+ T cells [31]

iNKT cells [29] iNKT cells [29] M2 macrophages [27]

Naive CD4+/CD8+ T cells [31]

Naive CD4+/CD8+ T cells [31]

IFN-vy [22,25]

o ’V[Iﬁ%‘” TNF-oc [22,25,31] TIEIFFI?I—V[E?EI]I
Cytokines upregulated IL-:B [LZ,,']‘) IL-18 [22] TNF-« [31] It -10(8 [E}’i
1L-15 [22] 111511(? [[2225]] IL-15 [22]
Cytokines downregulated IL-4 [29] IL-4 [29]

Signaling pathways activated

IL-17/1L-23 axis [26]

IL-17/1L-23 axis [26]

TLR4/MyD88 pathways [28]

TLR4/MyD88 pathways [28] TLR4/MyD88 pathways [28]

TLR4/MyD88 pathways [28]

The M1/M2 macrophage balance affects the liver microenvironment. Zhang et al. re-
ported that activated HSC-derived CXCL10 promotes M1 polarization, while inhibiting
CXCL10 can attenuate M1 polarization and reduce liver fibrosis [42]. In diabetes, this balance
shifts toward pro-inflammatory M1 macrophages (Figure 3). An increased M1 macrophage
population and decreased M2 phenotype in the blood of T2DM individuals [43] were consis-
tent with the findings in the liver in this review [27,32]. However, it is noteworthy that M2
macrophage changes varied across studies. One possible explanation is the use of different
animal models: Meng et al. utilized C57BL/6] mice [26], whereas others employed rats [27,32],
which may exhibit distinct immune response under the same or similar stimuli [44].

Moreover, this review has identified a significant increase in CD14+CD16++ non-
classical and CD14++CD16+ intermediate monocytes in the liver of T2DM individuals
with NASH or cirrhosis [22], similar to Liaskou et al.’s study reporting an increase in
these macrophage subsets in people with chronic inflammatory and fibrotic liver diseases,
but without diabetes [45]. They suggested that these macrophages might arise either
from the transmigration of CD14++CD16+ monocytes from the bloodstream or from local
differentiation from classical CD14++CD16- monocytes within the liver [45].

Neutrophils were also significantly increased in the liver in diabetes [25,30,33] and
contributed to hepatic inflammation by producing pro-inflammatory cytokines, activating
hepatic macrophages, and recruiting other immune cells [46]. Neutrophil infiltration is
common in various chronic liver diseases [14], driven by macrophage-secreted chemokines
like CXCL1, CXCL2, and CXCLS8 [47]. In diabetes, elevated free fatty acids, lipoproteins,
and glucose contribute to a pro-inflammatory environment, which promotes neutrophil
activation [15]. This inflammatory state and increased chemokine production in the liver
enhance neutrophil recruitment and activation, supporting the emphasis in this review on
their role in liver inflammation and fibrosis in diabetes.

The iNKT cells were significantly reduced in the liver in diabetes [29], however, their
population in the liver was variously reported. A decrease in iNKT cells has been linked to
impaired CD1d expression and lipid antigen presentation in the liver due to endothelial
stress [48]. Additionally, Kupffer cells can induce the apoptosis and necrosis of overly-
activated iNKT cells via IL-12 [49]. Conversely, Tajiri et al. observed increased iNKT cells in
late stages of NAFLD, possibly from enhanced activation by Kupffer cells [50]. The effects



Int. J. Mol. Sci. 2025, 26, 4027

10 of 16

of iNKT cells on the development of liver fibrosis remain controversial. On one hand, iNKT
cells may promote liver fibrogenesis by activating HSCs through osteopathic expression,
the Hedgehog signaling pathway [16], and by attracting neutrophils via IL-4 secretion [51].
However, on the other hand, iNKT cells can also kill early activated HSCs via an NKG2D-
dependent mechanism, indicating a potential protective role against fibrosis [52]. The
precise function of iNKT cells in diabetes-related fibrogenesis remains unclear and further
research is required.

4.2. Adaptive Immune Cells

This review underscores the increased proportion of activated CD4+ and CD8+ T cells
in the liver in diabetes [29]. In people with prediabetes, the concentration of cytokines
that can activate T cells in the peripheral blood was increased, like TNF-«, IFN-y, and
IL-1B, compared to those with normoglycemia [23], potentially enhancing T cell activation,
increasing the number of effector memory CD4+ and CD8+ T cells and reducing the
percentage of naive CD4+ and CD8+ T cells in the liver [31].

T cell senescence is also induced in T2DM and metabolic liver diseases. This review
identified an increased proportion of senescent and exhausted CD4+ and CD8+ T cells
in the liver of T2DM individuals with NASH or cirrhosis [22,23]. Normally, T cells un-
dergo clonal expansion and differentiate into memory or effector cells throughout life [23].
However, chronic overstimulation impairs their function, leading to T cell senescence or

‘exhaustion’ [53]. In diabetes, people often exhibit elevated levels of T cell activators such as

TNF-« and IFN-y, along with low-grade chronic inflammation, both of which are known
to induce T cell senescence [54]. These dysfunctional T cells contribute to insulin resistance
and liver inflammation by secreting pro-inflammatory cytokines, activating HSCs, and
promoting liver fibrosis [22].

In this review, it is evident that the population of Tregs is significantly increased in
the liver in diabetes [25]. Tregs are essential for maintaining peripheral immune tolerance
and regulating immune responses [55]. HSCs may selectively promote CD4+CD25+Foxp3+
Tregs expansion via IL-2 [56], which can interpret the MMP/TIMP balance, influence
Kupfter cell activity, and drive ECM remodeling and fibrogenesis, possibly through the
activation of HSCs by transforming growth factor-3 (TGF-p) [57,58]. However, Tregs
can also inhibit fibrosis through IL-10, which can reduce collagen I synthesis [59], limit
Kupffer cell activation [60], decrease IL-17 via Th17 cells, and reduce HSC activation and
fibrosis [61]. This dual role highlights the complexity of Tregs in fibrosis, balancing tissue
repair and inflammation.

Supporting this protective role, Treg depletion increased IFN-y and TNF-o expres-
sion [25], promoting monocyte and neutrophil infiltration and exacerbating liver inflammation,
suggesting that Tregs may help prevent the progression of liver fibrosis in diabetes. Addition-
ally, Treg expansion also occurs in the thymus and peripheral tissues of diabetic mice [62],
likely as a compensatory response to the chronic inflammation and immune dysregulation
characteristic of diabetes. Overall, Tregs play a crucial role in liver fibrosis in diabetes.

4.3. Related Cytokines and Signalling Pathways

Cytokine expression and signaling pathway activation drive liver fibrosis in diabetes. This
review identified key changes in IFN-y [23,25] and TNF-« [23,25,27,28,34], produced by monocytes,
CD4+ and CD8+ T cells, and neutrophils. IL-13 [25,28,33,34], IL-4 [29], IL-15 [22,29], and IL-18 [22]
also exhibit significant changes. Additionally, the TLR4/MyD88/NF-«kB pathway [28] and IL-
17 /1L-23 axis [26] were identified as crucial players in liver fibrogenesis in diabetic mice.

TNF-o promotes fibrogenesis by activating HSCs and Kupffer cells, which contribute
to hepatocyte death and drive ECM deposition, a key process in fibrosis development [63].
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TNF-« triggers caspase-mediated cell death and the NF-kB pathway, which regulates cell
survival and the expression of pro-inflammatory cytokines [64] (Figure 3). These combined
actions of TNF-o promote a cycle of inflammation and likely then magnify fibrosis within
the liver [63]. In diabetes, an elevated TNF-« level amplifies inflammatory responses,
creating a sustained pro-inflammatory microenvironment that exacerbates chronic liver
injury and accelerates fibrosis progression. Additionally, [IFN-y, mainly from activated T
cells, promotes hepatocyte damage by driving pro-inflammatory responses, particularly via
CD8+ T cells, which are cytotoxic and have been implicated in liver damage [65]. Together,
TNF-o and IFN-y drive persistent inflammation and HSC activation, accelerating fibrosis.

IL-1p3, IL-15, and IL-18 also contribute to liver fibrosis. IL-1f3, primarily secreted by
neutrophils and monocytes/macrophages, worsens inflammation, recruits immune cells,
and activates HSCs [65], fueling a self-perpetuating cycle of liver injury and fibrosis. IL-15
enhances the activation of hepatic macrophages and mediates the functions of CD8+ T cells,
contributing to fibrogenesis in the liver [66,67]. Also, IL-18 affects the functions of T cells
and activates HSCs to promote the fibrotic process in the liver [68].

IL-4, produced by iNKT cells, is critical mediator of the anti-inflammatory immune
response. As one Th2 cytokine, it plays a key role in suppressing inflammation and
promoting the polarization of macrophages toward the M2 phenotype, which has anti-
inflammatory properties [69]. However, in diabetes, the expression of IL-4 is significantly
reduced, which may hinder M2 polarization and prolong chronic inflammation, ultimately
exacerbating liver fibrosis [29]. The hepatic immune cell regulation implicated in liver
fibrosis in diabetes is shown schematically in Figure 3.

Beyond cytokine dysregulation, key signaling pathways were identified in this re-
view, notably the TLR4/MyD88/NF-kB pathway and the IL-17/IL-23 axis [28]. The
TLR4/MyD88/NF-kB pathway is a central mediator of innate immune responses and
is often activated by pathogen-associated molecular patterns and damage-associated molec-
ular patterns in the liver [70]. The activation of this pathway in diabetes leads to the
production of pro-inflammatory cytokines and further recruitment of immune cells, thus
sustaining chronic inflammation and promoting fibrosis [71]. This further suggests that
monocytes/macrophages, as primary players in this pathway [70], likely act as key initia-
tors of the inflammatory cascade that accelerates liver fibrogenesis in diabetic conditions
(per Figure 3).

The IL-17/IL-23 axis also plays a crucial role as noted in this review [26]. IL-17,
secreted by Th17 cells, activates HSCs and promotes collagen production, driving fibrotic
scarring [72]. The increased activation of this axis in diabetes, also as shown in Figure 3,
suggests a heightened role for adaptive immunity, where CD4+ T cells, particularly the
Th17 subset, exacerbates the fibrotic response by sustaining inflammation and promoting
the activation of HSCs.

4.4. Limitations

This review is limited by significant heterogeneity across the studies, including varia-
tions in methodologies for assessing immune cells and inflammatory markers (e.g., flow
cytometry and immunohistochemistry), marker selection, sample types, disease model,
and liver pathology severity. Some studies focused on specific immune cells, while others
used broader categories, complicating direct comparisons. Assay sensitivity and specificity
for inflammatory markers also varied, contributing to inconsistent findings. As shown
in Figure 3, current data do not clarify which immune cells are most linked to severe
liver fibrosis. Another limitation is the lack of diabetes stratification, with few studies
distinguishing long-standing, well-controlled, and poorly controlled diabetes. This limits
understanding of immune dysregulation and its link to liver pathology.
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A further limitation is the limited characterization of hepatic immune cell differences
between T1DM and T2DM. Although these conditions have distinct pathogenesis, with
the autoimmune destruction of (3-cells in TIDM [73] and chronic inflammation driven by
metabolic dysfunction in T2DM [74], comparative data on liver immune profiles remain
sparse. This review includes only one human and one animal study on T1DM, identifying
M2 and CD68+ macrophages [24,32], with findings consistent with those observed in
T2DM. Further studies are needed to clarify liver-specific immune alterations in both types
of diabetes.

This review sought to provide comprehensive mechanistic insights, but no studies
examined immune cell localization in the liver, crucial for understanding their roles in
hepatic fibrogenesis. Additionally, although we focused on immune cell profiles in the
liver in diabetes in this review, only cytokines directly linked to these immune cells were
included, in line with the inclusion criteria. As a result, several other cytokines, such as
TGEF-, IL-22, IL-10, and IL-6, which are known to play important roles in liver fibrosis [14],
were not covered, as they were not addressed in the eligible studies. Future research could
explore these cytokines in the liver to provide a more comprehensive understanding of
their interactions with immune cells in liver fibrosis.

5. Conclusions

In conclusion, this review identified an increase in monocytes/macrophages, neu-
trophils, and CD4+ and CD8+ T cells and a reduction in iNKT cells in the liver of individuals
and animals with diabetes. These shifts were associated with liver pathology, suggesting
a role for immune cells in liver fibrosis progression in diabetes. Given the diversity of
immune cells, cytokine functions, and unclear links to liver pathologies, further research is
needed to understand how immune responses and hepatic cells drive liver fibrosis in dia-
betes and whether targeting specific immune cells can prevent or normalize MASH/NASH
and liver fibrosis.
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AMPK AMP-activated protein kinase
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Foxp3 forkhead box P3

HSCs hepatic stellate cells

IFN-y interferon-y

IL interleukin

iNKT invariant natural killer T

mTOR mammalian target of rapamycin

MMPs matrix metalloproteinases
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MAFLD  metabolic dysfunction-associated fatty liver disease

MASH metabolic dysfunction-associated steatohepatitis

MASLD  metabolic dysfunction-associated steatotic liver disease

MyD88  myeloid differentiation primary response 88

NOS Newcastle-Ottawa Scale

NAFLD  non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

NF-«B nuclear factor-kappa B

PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses

PD-1 programmed cell death protein-1

ROS reactive oxygen species

Tregs regulatory T cells

SYRCLE Systematic Review Centre for Laboratory Animal Experimentation
TIMPs tissue inhibitors of metalloproteinases

TLR4 toll-like receptor 4

TGEF-3 transforming growth factor-3
TNF-o tumor necrosis factor-o
T1DM type 1 diabetes mellitus
T2DM type 2 diabetes mellitus
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