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Abstract

Postprandially reabsorbed bile acids, along with various peptide hormones released following a meal, orchestrate 
complex events associated with digestion and prepare the body for the disposal of incoming nutrients by regulating 
metabolism. Interestingly, these factors have also been shown to modulate immune function. For example, recent 
interest in weight-loss agents such as semaglutide has demonstrated their ability to attenuate inflammation and 
provide benefits in diverse clinical contexts characterized by inflammatory responses. This raises an important ques-
tion: why do hormones with well-established roles in digestion and metabolism also influence immunity? Here, we 
propose that the immune-regulatory activity of peptide hormones, together with postprandially reabsorbed bile acids, 
contributes to another remarkable phenomenon: the exceptional immune tolerance of the liver. While it is well 
established that the liver is an immunologically tolerant organ, the precise mechanisms underlying this skewed 
immunological tone remain poorly understood. Hepatic immune tolerance has generally been considered an intrinsic 
property of the liver, arising from autonomous mechanisms. Here, we highlight that various entero-pancreatic endo-
crine factors delivered to the liver via the portal vein activate cAMP signalling, thereby promoting immune tolerance 
and attenuating inflammatory tone within the liver. Critically, because these endocrine factors reach the liver at 
elevated concentrations through the portal vein before dilution in the systemic circulation, they profoundly shape 
the hepatic immune environment. Physiologically, this system ensures that the liver tolerates diet- and gut-derived 
inflammogens. Finally, we discuss several implications of this mechanism.

Keywords tolerance, immunoendocrinology, bile acids, GLP-1, xenografts, nutrition

Introduction
The exceptional immune tolerance of the liver is evident 
from a number of observations. One example is the pro-
found tolerance observed following liver transplants, 
where, unlike for any other organ, a sizeable number of 
liver transplant recipients are eventually able to be 
weaned off immunosuppressive drugs (Londoño et al., 
2013). This tolerance is also observed in other animals, 
such as pigs (Calne et al., 1969). In mice, the liver stood 
out as the only organ where the majority of allografts were 
not rejected, despite strain-specific MHC (major histocom-
patibility complex) mismatches between donor and 

recipient mice (Zhang et al., 1996). Additionally, the liver’s 
notable tolerance may render it more susceptible to 
pathogens. Indeed, the ‘liver provides a favourable envi-
ronment for escaping immune responses’ (Protzer et al., 
2012), with various pathogens demonstrating tropism for 
the liver (Horst et al., 2016). Similarly, the tolerogenic envi-
ronment of the liver poses a significant challenge in treat-
ing metastatic cancer. Historically, the prognosis for 
patients with liver metastases originating from gastric 
cancer has been described as “dismal” (Kakeji et al., 2010). 
Unfortunately, progress has been limited, with surgical 
removal of respectable cancer being the only curative 
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option in most cases (Uutela et al., 2023). A recent clinical 
trial (NCT02597348) reported a significant increase in sur-
vival for patients with colorectal liver metastases who 
received a liver transplant compared to standard chemo-
therapy alone (Adam et al., 2024). Liver metastasis also 
possess a challenge to onco-immunological strategies, 
such as immune checkpoint inhibitors. For example, it was 
recently noted that immune checkpoint inhibitors deliver 
poor results in the context of colorectal cancer following 
liver metastasis (Chen et al., 2023). Taken together, these 
observations underscore how immune tolerance within 
the liver compartment may complicate the clearance of 
pathogens and the effectiveness of cancer immune 
surveillance.

Understanding how hepatic tolerance manifests may 
thus pave the way for the development of strategies to 
‘unveil’ this tolerogenic environment, facilitating more 
effective treatment of metastatic cancer and chronic liver 
infections. Conversely, insights into how the liver sustains 
such profound tolerance could lead to the development 
of novel anti-inflammatory strategies. Moreover, an inter-
esting question arises: could the immune tolerance mech-
anisms at play in the liver be genetically engineered into 
xenografts? For example, despite 69 gene edits, a patient 
receiving a pig kidney survived for only 8 weeks. In contrast, 
a pig liver edited with six genes showed no signs of rejec-
tion for at least 130 days (implanted on 17 May, with no 
signs of organ rejection reported on 30 September 2024) 
(Brouillette, 2024).

The exact underlying mechanisms driving liver-specific 
tolerance remain to be fully elucidated. Here, we highlight 
the immune-modulatory effect of the endocrine response 
to food as a key driver of the striking immune tolerance 
observed in the liver. Several gastrointestinal peptide hor-
mones released following a meal, along with postprandial 
reabsorbed bile acids (BAs) do not only regulate digestion 
and metabolism but also have been shown to exert 
immune-regulatory functions. The unique circulatory 
dynamics of the portal vein ensure that these endocrine 
factors reach the liver first and at elevated levels prior to 
be diluted in the systemic circulation, possibly shaping 
immunological tolerance particularly within the hepatic 
compartment. Finally, it should also be noted that various 
pharmacological agents such as semaglutide (marketed 
as Ozemic®/Wegovy®), tirzepatide (Mounjaro®), or reta-
trutide, currently used or investigated for weight loss, 
activate the same receptors as gastrointestinal peptide 
hormones do, suggesting that such weight loss agents also 
directly affect immune function.

Why the liver needs to be tolerogenic
Following a meal, blood flow to the gastrointestinal tract 
increases, accompanied by a corresponding rise in blood 
flow through the hepatic portal vein. The portal vein 

transports harmless, diet-derived antigens as well as 
microbial components from the gut microbiota, which, if 
not efficiently cleared by the liver, could elicit severe 
inflammatory responses (Robinson et al., 2016). This phe-
nomenon is exemplified by the systemic shock and inflam-
mation occasionally observed following a transjugular 
intrahepatic portosystemic shunt (Jalan et al., 2011; Mac-
naughtan et al., 2017) or in animal models following por-
tacaval shunting (García et al., 2011). In these scenarios, 
unfiltered blood from the hepatic portal vein is partially 
diverted directly into systemic circulation, resulting in 
systemic inflammation.

Another major source of inflammation includes diet-de-
rived toxins, which can cause death of liver cells and lead 
to sterile inflammation. To discourage predation, plants 
have evolved a wide range of phyto-toxins, which, in turn, 
selected for liver detoxifying enzymes in herbivores, 
resulting in an evolutionary arms race between plants and 
herbivores (Steinberg, 2012). Domesticated plants have 
been selectively bred to produce less toxins, leading to 
relaxed evolutionary pressure. However, undomesticated 
plants can cause liver injury. Indeed, various plant-derived 
herbal or dietary supplements remain a significant source 
of liver damage (Navarro et al., 2017), highlighting the evo-
lutionary pressure that plant-based foods may have 
exerted on the liver to tolerate and mitigate the hepato-
toxic effects of these phyto-toxins. Similarly, various fungi 
are also toxic and cause profound liver damage. This is 
best exemplified by aflatoxins produced by moulds in the 
Aspergillus genus, which infect various food crops. Not only 
is aflatoxin a known hepatocarcinogen (Liu et al., 2012), 
but it is also implicated as a major contributing factor to 
childhood stunting in low-income countries in Africa 
(Rasheed et al., 2021). As a filter organ, the liver receives 
a high dose of these toxins via the portal vein, which in 
turn leads to cell death, necessitating the need to tolerate 
such sterile inflammation. This also explains the liver’s 
extraordinary regenerative capacity, as the attrition of 
cells resulting from dietary toxins must be replenished.

In summary, besides tolerating elevated levels of gut-de-
rived inflammogens (e.g., lipopolysaccharides [LPS], plant 
lectins, mycotoxins in fungi), the liver must also detoxify 
diet-derived toxins (Fig. 1). As a filtering organ, the liver 
receives high concentrations of these noxious agents via 
the portal vein, which can occasionally induce cell death, 
necessitating tolerance to recurring inflammatory insults. 
This requirement for tolerance also explains the liver’s 
exceptional regenerative capacity, as the continuous attri-
tion of cells due to dietary toxins must be compensated 
for by efficient cellular renewal.

Postprandial reabsorbed bile acids
Using a combination of spatial transcriptomics and intra-
vital imaging, it was recently confirmed that the liver is 
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anatomically organized into zones with distinct immuno-
logical characteristics (Miyamoto et al., 2024). Notably, 
periportal vein zones were found to exhibit lower levels of 
inflammation, a phenomenon partially mediated by a sub-
population of tolerogenic Kupffer cells. These cells were 
characterized by the expression of Marco and increased 
production of anti-inflammatory cytokines, such as Il1rn 
and Tgfb1. These tolerogenic macrophages, located at the 
‘gateway’ (periportal vein zones), appear to play a crucial 
role in maintaining tolerance to gut-derived pathogens. 
Genetic ablation of these cells resulted in increased liver 
inflammation, underscoring their importance in preserv-
ing hepatic immune homeostasis.

At first glance, these observations might have been 
interpreted as signifying a liver-intrinsic tolerance mech-
anism based on the distribution of tolerogenic immune 
cell populations within the liver. Crucially, however, the 
authors demonstrated that the presence of tolerogenic 
Marco+ cells is influenced by factors derived from the 
intestinal microbiota (Miyamoto et al., 2024): In mice 
raised in germ-free environments (i.e., devoid of intestinal 
microbiota), the population of Marco+ cells was signifi-
cantly diminished. Further investigation identified isoal-
lolithocholic acid, a secondary BA metabolite, as a key 
mediator in promoting Marco+ tolerogenic macrophages. 
These findings reveal that extrinsic factors, such as 
microbiota-derived secondary BAs metabolites, can 

substantially contribute to the establishment of liver 
immune tolerance.

Following a meal, the majority of BAs and their second-
ary metabolites, derived from bacterial metabolism, are 
reabsorbed and transported back to the liver via the portal 
vein, where they are recycled into the bile pool. However, 
these BAs, along with their secondary metabolites pro-
duced by bacterial metabolism, act as endocrine factors 
influencing a wide range of physiological systems. Notably, 
BAs are well-established as immune-regulatory agents 
(Fiorucci et al., 2018, 2022, 2024, 2025; Fuchs and Trauner, 
2022; Sipka and Bruckner, 2014), delivering a potent 
anti-inflammatory signal to the liver. This influx of anti-in-
flammatory BAs not only shapes liver physiology, such as 
the differentiation of Marco+ Kupffer cells, but also mod-
ulates the activity of peripheral immune cells infiltrating 
the liver.

In the context of immune regulation, the Takeda G pro-
tein-coupled receptor 5 (TGR5), a transmembrane BA 
receptor, and the farnesoid X receptor (FXR), a nuclear 
receptor, have been extensively studied. Culturing human 
dendritic cells (DCs) derived from peripheral blood mono-
cytes in the presence of BAs resulted in stunted expression 
of pro-inflammatory cytokines such as IL-12 and TNF 
(Ichikawa et al., 2012). Similarly, in an experimental auto-
immune uveitis model, BAs promoted DC tolerance via 
the TGR5-cAMP-PKA pathway, suppressing NF-κB 

Figure 1.  The role the liver plays as a filtering organ has exerted significant evolutionary pressures, positioning it as a uniquely 
tolerogenic compartment. First, diet-derived antigens and inflammogens from the intestinal microbiota must be processed without 
eliciting unnecessary inflammatory responses. Second, the liver must scavenge and manage toxins that inevitably cause tissue damage, 
necessitating potent coping mechanisms. These toxins may include plant- and fungal-derived compounds, as well as environmental 
contaminants such as heavy metals in water or xenobiotics generated during cooking and food preparation. To meet these challenges, 
the liver has evolved not only an unparalleled capacity for tissue regeneration but also a remarkable ability to tolerate sterile 
inflammation.
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activation and thereby attenuating immune activation 
(Hu et al., 2021). These findings suggest that BAs play a 
pivotal role in modulating how DCs present antigens to 
immune cells.

As mentioned, the role of BAs in regulating immune 
responses has been extensively reviewed (Fiorucci et al., 
2018, 2022, 2024, 2025; Fuchs and Trauner, 2022; Sipka and 
Bruckner, 2014). While the majority of studies support an 
anti-inflammatory function for BAs, notable exceptions 
exist. For instance, in a mouse model of graft-versus-host 
disease, pharmacological activation of FXR increased mor-
tality, whereas genetic deletion of the FXR receptor in 
donor T cells improved survival outcomes (Lindner et al., 
2024). BAs may also promote inflammation indirectly. In 
a mouse model of cholestatic liver injury, FXR activation 
was shown to increase the expression of P-selectin, which 
in turn facilitated neutrophil retention and exacerbated 
liver injury (Zhang et al., 2025).

Several factors likely contribute to the conflicting find-
ings regarding the immunological effects of BAs. One 
important consideration is that BAs can activate a range 
of receptors beyond FXR and TGR5, including pregnane 
X receptor (PXR), the vitamin D receptor, and retinoic acid 
receptor-related orphan receptor γ (RORγ), among others. 
This complexity is further compounded by the fact that 
BA signalling outcomes are highly dependent on cell-spe-
cific signalling contexts. For example, while RORγ is gen-
erally associated with pro-inflammatory responses in T 
helper 17 (Th17) cells (Jetten et al., 2018), it has also been 
shown that RORγt (also known as RORγ2) plays a critical 
role in maintaining colonic Treg cells, with BAs such as 
lithocholic acid and 3-oxo-lithocholic acid acting as 
ligands for this nuclear receptor (Song et al., 2020). The 
mechanistic basis for these seemingly contradictory roles 
of RORγt was recently elucidated: phosphorylation of 
serine 182 on RORγt was found to suppress Th17 hyper-
activation while simultaneously promoting IL-10 produc-
tion by RORγt+ Treg cells (Ma et al., 2022). These findings 
suggest that receptor signalling can be substantially 
modulated by crosstalk with kinase signalling 
pathways.

In addition to the diversity of BA receptors, differential 
expression of these receptors across immune cell types 
further contributes to the heterogeneity of BA-mediated 
immune responses. For example, compared to bone mar-
row-derived macrophages, Kupffer cells exhibit higher 
levels of FXR expression and display a stronger anti-in-
flammatory response to FXR agonist pre-treatment, as 
evidenced by reduced secretion of pro-inflammatory cyto-
kines such as IL-6, IL-1β, and TNF in a mouse model of 
ischemia-reperfusion liver injury (Jin et al., 2020). Like-
wise, expression levels of FXR and TGR5 are significantly 
lower in T and B lymphocytes compared to other immune 
cell populations (Fiorucci et al., 2018). These differences 
in receptor expression suggest that BAs may differentially 

modulate distinct compartments of the immune system 
depending on the specific cell types involved.

Another consideration is that the composition of the 
BA pool is influenced by the microbiome, as bacterial spe-
cies vary in their metabolism of BAs (Collins et al., 2023). 
In turn, BAs differ in their affinity for and effects on these 
receptors. For instance, while chenodeoxycholic acid is a 
potent FXR agonist, other BAs such as ursodeoxycholic 
acid can act as FXR antagonists (Mueller et al., 2015). Sim-
ilarly, while primary BAs have been shown to upregulate 
CXCL16 expression on liver sinusoidal endothelial cells 
(LSECs), secondary BAs, produced through microbial 
metabolism of primary BAs, tend to suppress CXCL16 
expression. This, in turn, regulates the trafficking of 
CXCR6+ natural killer T (NKT) cells, which are recruited to 
the liver in response to CXCL16 (Ma et al., 2018). These 
findings highlight a potentially important mechanism by 
which the gut microbiota may modulate systemic inflam-
matory tone through its influence on the composition of 
the BA pool.

Inflammatory stimuli can also modulate the expression 
of BA receptors. For example, inflammation has been 
shown to reduce the expression of FXR and PXR in liver-in-
filtrating immune cells in mice with dextran sodium sul-
phate-induced colitis (Negroni et al., 2020). Similarly, FXR 
expression is suppressed by NF-κB activation (Gadaleta et 
al., 2011). Adding to this complexity, the inflammatory 
milieu can also alter both hepatic BA synthesis and the 
composition of the intestinal microbiota, thereby chang-
ing the overall BA profile (Lindner et al., 2024). Notably, 
this implies that the effects of BAs may vary when assessed 
in the setting of pre-existing inflammation versus when 
administered as a preventive intervention prior to an 
inflammatory challenge.

BAs also exert effects beyond receptor-mediated signal-
ling. The physicochemical properties of bile salts, partic-
ularly their amphipathic nature, are essential for the 
emulsification of dietary fat droplets. However, in the case 
of hydrophobic BAs, cellular membrane function, includ-
ing that of organelles such as mitochondria, can be 
severely disrupted (Schölmerich et al., 1984; Schulz et al., 
2013). Consequently, chronic exposure to elevated BA lev-
els may induce cellular stress and even necrotic cell death, 
thereby promoting a pro-inflammatory environment that 
may obscure the immunomodulatory effects mediated by 
BA receptors. This phenomenon may be especially rele-
vant in pathological conditions such as cholestasis, where 
impaired bile flow leads to BA spillover and consequent 
tissue damage. In such contexts, liver injury may create 
an inflammatory milieu that does not accurately reflect 
the effects of BA receptor signalling. These considerations 
are also critical when interpreting studies that employ 
supraphysiological BA doses or prolonged exposure.

Taken together, while BAs are generally associated with 
anti-inflammatory effects, several factors may account 
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for conflicting findings in the literature. These include the 
specific BA metabolites involved, the pre-existing inflam-
matory context, the composition of the immune cell pop-
ulation, and crosstalk between various signalling 
pathways. Moreover, the observation that certain BAs, 
particularly those with hydrophobic properties, can dis-
rupt membrane integrity and induce cellular stress or 
even necrotic cell death suggests an additional mecha-
nism by which BAs may promote inflammation. In this 
scenario, the physicochemical properties of BAs could 
indirectly trigger immune responses through the release 
of damage-associated molecular patterns (DAMPs) from 
necrotic cells or via cytokine release as a consequence of 
cellular stress.

Gastric peptide hormones as immune modulators
Feeding triggers a comprehensive endocrine response that 
not only regulates the complex processes of digestion but 
also alters metabolism to manage the bulk disposal of 
incoming nutrients. A variety of peptide hormones, 
released by the gastrointestinal tract and pancreas, play 
a key role in orchestrating these processes. Strikingly, 
these peptide hormones have also been shown to influ-
ence the immune system.

Following a meal, cholecystokinin (CCK) is secreted 
by enteroendocrine I cells in the small intestine. CCK 
performs several critical regulatory functions in diges-
tion, including promoting satiety, reducing gastric motil-
ity, and stimulating bile release from the gallbladder. 
Similarly, gastrin, another closely related peptide hor-
mone, is secreted by the stomach and duodenum after 
a meal. Gastrin induces the secretion of hydrochloric 
acid by parietal cells in the stomach, facilitating diges-
tion. Importantly, both CCK and gastrin have been found 
to regulate various aspects of immune function, high-
lighting their dual roles in digestion and immune 
modulation.

We have recently reviewed studies spanning several 
decades that report immune-modulatory roles for CCK 
and gastrin (van Niekerk et al., 2024). For instance, CCK 
may contribute to a tolerogenic environment by promot-
ing Treg differentiation (Zhang et al., 2014) or by stunting 
IL-1β production by macrophages following LPS challenge 
(Li et al., 2007). Similarly, gastrin has been shown to 
increase intracellular cAMP levels in macrophages, leading 
to attenuation of immune functions such as chemotaxis 
and phagocytosis (De La Fuente et al., 1996). This obser-
vation is unexpected, as the gastrin receptor (CCK2R) typ-
ically signals through calcium-dependent pathways rather 
than cAMP-mediated mechanisms. However, other studies 
suggest that gastrin can regulate leukocyte–endothelial 
cell interactions, enhancing leukocyte rolling and adhe-
sion, which exacerbates inflammation during Helicobacter 
pylori infection (Álvarez et al., 2006). Thus, while CCK 

appears to have predominantly anti-inflammatory effects, 
the role of gastrin in immune modulation remains less 
clear and context-dependent.

Another gastric peptide hormone with demonstrated 
immune-modulating functions is glucagon-like peptide-1 
(GLP-1), with numerous studies demonstrating that GLP-1 
receptor agonists (GLP-1RAs) exert anti-inflammatory 
effects (Drucker, 2024). As we recently highlighted, the 
widespread use of these weight-loss agents may have 
broader implications, including potential effects on vac-
cine responses (van Niekerk et al., 2024). Semaglutide, the 
active ingredient in Ozempic and Wegovy, was initially 
developed for the treatment of type 2 diabetes, is also 
having a transformative impact on weight loss and the 
management of obesity-related pathologies. Its therapeu-
tic potential in diabetes management arises from GLP-1’s 
ability to suppress glucagon release, thereby reducing glu-
coneogenesis, while simultaneously enhancing glu-
cose-dependent insulin secretion. The appetite-suppressing 
properties of GLP-1RAs have garnered significant atten-
tion, particularly for their role in obesity management. As 
the use of these and other similar agents becomes more 
prevalent, an urgent need arises to elucidate the impact 
of this class of medications on immune function.

Glucose-dependent insulinotropic polypeptide (GIP) is 
released by K cells in the duodenum following a meal. Like 
GLP-1, GIP also acts as an incretin, stimulating insulin 
release, and is being explored as a therapeutic target for 
diabetes and weight loss. Interestingly, the GIP receptor 
(GIPR) is expressed on T cells, myeloid cells, and their pre-
cursors (Pujadas et al., 2020), and has been found to reg-
ulate the inflammatory response. On the one hand, GIP 
release is stimulated in mice following an IL-1β challenge, 
and treatment with a GIPR antagonist resulted in reduced 
IL-6 and TNF release after an LPS challenge (Kahles et al., 
2016), indicating that GIP may have pro-inflammatory 
effects. In contrast, other studies highlight GIP’s role in 
attenuating 5-fluorouracil-induced gut inflammation 
(Hammoud et al., 2024). Similarly, GIP has been implicated 
in restraining inflammation by suppressing the expression 
of pro-inflammatory mediator S100A8 (Mantelmacher et 
al., 2019). Here, it was observed that adipose tissue mac-
rophages deficient in GIPR exhibited increased S100A8 
expression, whereas GIP effectively downregulated S100A8 
expression in GIPR-competent immune cells. Considering 
the diverse roles of the S100 calcium-binding protein het-
erodimer S100A8/A9 in upregulating an inflammatory 
tone (Wang et al., 2018), it is plausible that GIP exerts a 
significant impact on immune function through this path-
way. These seemingly conflicting roles of GIP in pro- and 
anti-inflammatory responses suggest that its function is 
not yet fully elucidated, while also highlighting the 
immune-regulatory properties of this incretin hormone.

During fasting, low glucose levels stimulate pancreatic 
α cells to release glucagon, which promotes 
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gluconeogenesis in the liver. However, glucagon is also 
transiently secreted following a meal, particularly after 
protein-rich intake (Ichikawa et al., 2023). This postpran-
dial release likely reflects glucagon’s role in stimulating 
hepatic amino acid uptake, thereby facilitating postpran-
dial amino acid disposal. Another function of postprandi-
ally released glucagon is to stimulate insulin secretion by 
pancreatic β cells (Svendsen et al., 2018). Thus, although 
glucagon levels are primarily elevated in the fasted state, 
a postprandial response is also a characteristic feature of 
its secretion.

It has long been known that various lymphoid cell lines 
express glucagon receptors and that glucagon signalling 
is functional in these cells, as evidenced by increases in 
intracellular cAMP (Koh et al., 1996). In sensitized mice 
challenged with an ovalbumin model of asthma, glucagon 
treatment alleviated airway hyperreactivity and the asso-
ciated inflammatory response (Insuela et al., 2019). Simi-
larly, glucagon has been shown to increase susceptibility 
to sepsis by attenuating both neutrophil chemotaxis and 
reactive oxygen species production (Insuela et al., 2021). 
Given that glucagon levels are often elevated in diabetic 
patients, the authors of the study suggested that this 
increase may contribute to the heightened susceptibility 
of diabetic individuals to various infections.

In contrast to these anti-inflammatory effects, glucagon 
has also been reported to increase the expression of IL-1β, 
IL-6, complement component 3, and C-reactive protein, 
as well as to enhance activation of the NLRP3 inflam-
masome in HepG2 cells (Andreozzi et al., 2023). It should 
be noted, however, that HepG2 is a hepatocellular carci-
noma cell line, and that in vitro conditions may differ sub-
stantially from in vivo physiology. For example, depending 
on the metabolic state, cells maintained in culture flasks 
may experience hypoxic conditions, whereas even a sim-
ple washing step can expose them to partial oxygen pres-
sures far exceeding those found in physiological tissue 
(Tan et al., 2024). These observations suggest that cellular 
stress (e.g., oxidative or hypoxic) may modulate the effects 
of glucagon.

Vasoactive intestinal peptide (VIP) is synthesized and 
released by gut-associated neurons in the gastrointestinal 
tract following a meal, subsequently reaching the liver at 
elevated levels through the hepatic portal vein. The 
immune-modulating effects of VIP have long been recog-
nized (Delgado et al., 2002). Current evidence suggests that 
while VIP predominantly exerts broad anti-inflammatory 
functions, it also plays roles in promoting specific immune 
responses (Pozo et al., 2000). For instance, VIP has been 
shown to be crucial for protection against Citrobacter roden-
tium infection (Yu et al., 2021). Studies using Vip−/− mice 
demonstrated that these mice were more susceptible to 
C. rodentium infection, exhibiting a blunted IL-22 response. 
Mechanistically, VIP was found to play a critical role in the 
recruitment and retention of group 3 innate lymphoid 

cells in the gastrointestinal tract. Notably, VIP was also 
shown to be essential for the maintenance of retinoic acid 
(RA)-producing DCs (Yu et al., 2021). This finding is partic-
ularly significant, as RA-producing DCs are often associ-
ated with pro-tolerogenic roles in both the gut (Cassani et 
al., 2012) and liver (Bhatt et al., 2014). Thus, VIP may con-
tribute to mitigating tissue damage by modulating inflam-
mation and promoting immune tolerance.

Other peptide hormones entering the portal vein exhibit 
less well-defined immune-regulatory functions. Early 
studies reported that lymphocytes express the secretin 
receptor (Rindi et al., 2004), but its potential immune-reg-
ulatory effects remain largely unexplored. Amylin, a hor-
mone co-released with insulin by pancreatic β cells, also 
reaches the liver via the hepatic portal vein. Notably, 
amylin has been shown to promote the differentiation of 
Treg cells and the expression of TGF-β (Zhang et al., 2018), 
suggesting it may play a role in the immunological toler-
ance observed in the liver. These findings implicate amylin 
as another peptide hormone contributing to the unique 
tolerogenic environment of the liver.

At first glance, it may seem counterintuitive for hor-
mones that regulate digestion and metabolic reprogram-
ming to also influence immune function. However, 
following a meal, the significant increase in blood flow to 
the gastrointestinal tract, and the subsequent drainage 
into the portal vein, subjects the liver to inflammatory 
insults arising from gut- and diet-derived inflammogens, 
as well as potential tissue damage caused by ingested tox-
ins. Assigning an immune-regulatory function to these 
hormones represents a mechanism for ensuring tolerance 
to inbound antigens (Fig. 2).

Entero-pancreatic endocrine factors signalling 
via cAMP

As discussed, the unique vascular architecture of the 
hepatic portal vein plays a central role in establishing the 
liver’s distinctive tolerogenic environment. Reabsorbed 
BAs, along with entero-pancreatic peptide hormones, 
enter the liver via the portal vein. Because these endocrine 
factors reach the liver prior to dilution in the systemic 
circulation, their concentrated influx is likely to exert a 
pronounced influence on shaping immune tolerance 
within the hepatic compartment. Although these factors 
have been shown to modulate immune function, the 
mechanistic basis by which they exert these effects in 
immune cells remains poorly understood. Nevertheless, 
the downstream signalling pathways activated by these 
endocrine factors have been extensively characterized in 
other physiological systems and, as discussed below, 
reveal striking immunomodulatory mechanisms.

The majority of endocrine factors entering the liver via 
the portal vein are G protein-coupled receptors (GPCRs) 
that utilize cyclic AMP (cAMP) as a second messenger 
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(i.e.,  they are Gs-coupled). This group includes GIP and 
GLP-1 (Mayendraraj et al., 2022), glucagon (Janah et al., 
2019), VIP (Piper et al., 2022), and amylin (Cao et al., 2022), 
all of which induce intracellular signalling cascades by 
elevating cAMP levels. Similarly, the BA receptor TGR5 is 
also a GPCR that signals via cAMP (Chen et al., 2020). In 
contrast, gastrin exclusively activates CCK2R, which is 
coupled to Gq and signals primarily through intracellular 
calcium. CCK, however, activates both CCK1R (which ele-
vates cAMP) and CCK2R (Zeng et al., 2020). The observa-
tion that the vast majority of these entero-pancreatic 
endocrine factors utilize cAMP as a second messenger 
implies that the hepatic compartment is exposed to an 
elevated cAMP tone. This is particularly significant given 
the well-established role of cAMP in suppressing inflam-
matory responses (Raker et al., 2016; Tavares et al., 2020).

Gs-coupled protein receptors increase intracellular 
cAMP levels by activating adenylyl cyclase (AC), which 
catalyses the conversion of ATP to cAMP (Fig. 3). This pro-
cess is initiated by the binding of an agonist to the receptor, 
resulting in a conformational change that facilitates the 
exchange of GDP for GTP on the Gα subunit. This exchange 
triggers the dissociation of the Gα and Gβγ subunits. The 
liberated Gα subunit subsequently activates AC, leading to 
the production of cAMP from ATP. Among the 

best-characterized effectors of cAMP are protein kinase A 
(PKA) and the exchange protein directly activated by cAMP 
(Epac). Both have been implicated in the regulation of path-
ways involved in immune attenuation, resolution of inflam-
mation, and the establishment of immune tolerance. PKA 
mediates its effects through several mechanisms, most 
notably via the phosphorylation and activation of the tran-
scription factor CREB. In contrast, Epac activates Rap 
GTPases, thereby initiating distinct downstream signalling 
cascades that also contribute to immune regulation.

Many of the most prominent effects of PKA are medi-
ated through its ability to phosphorylate and thereby 
activate the transcription factor CREB (Fig. 3B). One key 
anti-inflammatory mechanism attributed to CREB 
involves its antagonism of NF-κB-dependent transcrip-
tion. For example, CREB can competitively bind to 
CREB-binding protein (CBP), thereby displacing the p65 
subunit of NF-κB, which suggests a general feedback 
mechanism to prevent excessive inflammation (Parry and 
Mackman, 1997). In addition, CREB promotes the tran-
scription of the inducible cAMP early repressor (ICER) by 
binding to cAMP response elements (CRE) in its promoter. 
ICER is primarily known as a negative feedback regulator 
that inhibits cAMP-dependent gene transcription. How-
ever, ICER has also been shown to inhibit NF-κB activity 

Figure 2.  Following a meal, gut-derived inflammogens originating from intestinal microbiota and food can activate immune 
responses within the liver compartment. The immune-regulatory functions of various peptide hormones and BAs serve to synchronize 
the digestive process with anti-inflammatory function: as gut-derived inflammogens enter the portal vein, an influx of tolerogenic-
promoting immune modulation endocrine factors also enters, preventing severe inflammatory responses. As the majority of blood 
entering the liver (approximately 70%–75%) flows through the portal vein, which carries entero-pancreatic endocrine factors, the liver 
is expected to be profoundly influenced by their elevated levels. Following filtration through the liver, blood enters the systemic circu-
lation, where the remaining endocrine factors are diluted. Prolonged cycles of exposure to these endocrine factors, released into the 
splanchnic circulation, may ultimately lead to histological adaptation in the liver (e.g., the accumulation of macrophages and Kupffer 
cells within the periportal vein zones).



406  |  van Niekerk et al.

Pr
ot

ei
n

 &
 C

el
l

through direct interaction with the p65 subunit (Lv et al., 
2017). Thus, CREB may antagonize NF-κB activity both 
directly, via competition for CBP, and indirectly, through 
ICER-mediated inhibition. Moreover, CREB regulates the 
expression of several anti-inflammatory genes. For 
instance, following TLR2 and TLR4 activation, phosphor-
ylated CREB is recruited to the IL-10 promoter, thereby 
promoting IL-10 transcription and limiting excessive 
inflammatory responses (Sanin et al., 2015).

Another tolerance-promoting mechanism involving the 
cAMP–PKA–CREB axis is the regulation of non-canonical 
human leukocyte antigen (HLA)-G expression. While all 
nucleated cells express classical HLA class I molecules, 
the expression of HLA-G under steady-state conditions is 
largely restricted to compartments where immune acti-
vation must be tightly controlled, such as the placenta 
and immune-privileged sites like the cornea and thymus. 
HLA-G plays a critical role in promoting immune tolerance 

Figure 3.  Various entero-pancreatic endocrine factors signal via G protein-coupled receptors (GPCRs) that increase cAMP levels as 
a secondary messenger. (A) Binding of agonist to extracellular receptor result in the conformational change in the receptor that 
permits the exchange of GDP for GTP. Once GTP is bound, Gα dissociates from the Gβγ subunits and is free to bind to and activate 
adenylyl cyclase (AC), an enzyme embedded in the plasma membrane. AC catalyses the conversion of ATP to cyclic AMP (cAMP). 
(B) In its inactive form, protein kinase A (PKA) exists as a tetramer composed of two regulatory subunits complexed with two catalytic 
subunits. An increase in intracellular cAMP levels leads to the binding of cAMP to the regulatory subunits, inducing conformational 
changes that cause dissociation of the regulatory and catalytic subunits. The liberated catalytic subunits are enzymatically active and 
phosphorylate serine/threonine residues on a wide range of target proteins. Upon translocation to the nucleus, PKA can phosphorylate 
the transcription factor CREB (cAMP response element-binding protein), thereby promoting the recruitment and assembly of tran-
scriptional coactivators and facilitating the initiation of gene transcription. (C) Exchange protein directly activated by cAMP (Epac) 
signalling is also modulated by cAMP. Epac proteins (Epac1 and Epac2) function as guanine nucleotide exchange factors (GEFs), facil-
itating the exchange of GDP for GTP on the small GTPases Rap1 and Rap2, members of the Ras family. In their inactive state, Epac 
proteins adopt an autoinhibited conformation in which the regulatory domain occludes the catalytic GEF domain. Upon elevation of 
intracellular cAMP levels, cAMP binds to Epac, triggering a conformational change that relieves this autoinhibition. The exposed GEF 
domain then promotes the activation of Rap1 or Rap2 by catalysing the exchange of GDP for GTP.
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(Arnaiz-Villena et al., 2021), with its function most clearly 
demonstrated in mediating maternal–fetal tolerance 
during pregnancy (Ferreira et al., 2017). Furthermore, 
HLA-G has been implicated in immune evasion during 
viral infections (Jasinski-Bergner et al., 2022) and cancer 
(Lin and Yan, 2021). In this regard, cAMP has been shown 
to regulate HLA-G expression via CREB1 (Gobin et al., 
2002), and dysregulated CREB-mediated transcription has 
been linked to increased HLA-G expression and immune 
evasion in cancer (Friedrich et al., 2020). Notably, HLA-G 
expression in the liver has been observed in pathological 
states (Amiot et al., 2015) and may contribute to immune 
evasion during chronic liver infections. However, its poten-
tial role in maintaining hepatic immune tolerance under 
steady-state conditions remains to be elucidated.

Epac modulates a variety of cellular responses, includ-
ing those involved in anti-inflammatory pathways (Fig. 3C). 
For example, cAMP-mediated activation of Epac following 
adenosine A2A receptor stimulation has been shown to 
attenuate matrix-induced inflammation (Scheibner et al., 
2009). Additionally, Epac contributes to the suppression of 
asthmatic airway inflammation (Chen et al., 2019) and 
provides protection against LPS-induced lung injury (Wang 
et al., 2018). Furthermore, Epac1 plays a key role in Treg 
function by antagonizing STAT3, a critical transcription 
factor downstream of T-cell receptor activation (Almaha-
riq et al., 2015). There is also emerging evidence that Epac 
plays a role in host responses to respiratory viruses. For 
instance, silencing or pharmacological inhibition of Epac1 
has been shown to reduce MERS-CoV replication (Tao 
et  al., 2014), suggesting that the immune-attenuating 
effects of Epac1 may impair cell-autonomous defence 
mechanisms against viral infection. Taken together, these 
findings highlight the broad immunomodulatory role of 
Epac, particularly in limiting inflammation and contrib-
uting to immune tolerance.

Emerging evidence also implicates a role for Epac in 
immune regulation via modulation of IL-6 signalling. IL-6 
can signal through two primary pathways: classic signal-
ling, in which IL-6 binds to the membrane-bound IL-6 
receptor (IL-6R) in complex with gp130, and trans-signal-
ling, in which IL-6 binds to a soluble form of IL-6R (sIL-6R), 
enabling activation of gp130 on cells that do not express 
membrane-bound IL-6R. These two modes of IL-6 signal-
ling are functionally distinct, with trans-signalling more 
commonly associated with pro-inflammatory responses 
and thus representing an attractive therapeutic target 
(Rose-John et al., 2023). Notably, in vascular endothelial 
cells, Epac has been shown to attenuate IL-6 trans-signal-
ling by promoting the activation of suppressor of cytokine 
signalling 3 (SOCS3), a known negative regulator of cyto-
kine signalling (Sands et al., 2006). This Epac-SOCS3 axis 
has also been implicated in the attenuation of IL-6-medi-
ated pro-inflammatory signalling in other cell types 
(Huang et al., 2022). Therefore, cAMP, through Epac 

activation, likely plays a key role in dampening IL-6 
trans-signalling as a mechanism to limit inflammation.

Evidence indicates that a similar cAMP/Epac-mediated 
mechanism might modulate IL-6 trans-signalling in 
immune cells. In this regard, recent findings indicate that 
classic IL-6 signalling exerts anti-inflammatory effects in 
T cells by promoting oxidative phosphorylation, whereas 
IL-6 trans-signalling favours a pro-inflammatory state by 
enhancing aerobic glycolysis (Xu et al., 2024). Notably, IL-6 
trans-signalling biases T-cell differentiation towards Th17 
cells, while classic IL-6 signalling promotes Treg differen-
tiation. This observation is particularly intriguing, as it 
suggests that cAMP/Epac-mediated regulation of IL-6 sig-
nalling modes may influence the immunometabolic pro-
gramming of immune cells.

cAMP has also been shown to play a comprehensive 
role in the development and function of Treg cells. Upon 
activation, Tregs upregulate intracellular cAMP levels, 
and the sustained elevation of cAMP is essential for their 
suppressive capacity (Klein et al., 2012). Beyond its role 
in Treg development, cAMP is also crucial for Treg-medi-
ated immunoregulation. For example, it was recently 
demonstrated that in induced Treg (iTreg) cells, cAMP 
regulates the expression of CD39, a membrane-bound 
ecto-enzyme that hydrolyses extracellular ATP and ADP 
into AMP (Su et al., 2019). This mechanism is critical for 
controlling inflammation, as both ATP and ADP act as 
pro-inflammatory DAMPs. In the context of liver injury, 
such as that induced by diet-derived toxins, necrotic 
hepatocyte death can result in the release of extracellular 
ATP and ADP, thereby triggering inflammation. As such, 
the degradation of these nucleotides by CD39 may repre-
sent an important mechanism for preventing inflamma-
tion. Finally, Tregs also regulate immune responses in 
other cells by increasing their intracellular cAMP levels. 
For instance, in both B cells and CD4+ T cells, Treg-medi-
ated elevation of cAMP suppresses the activity of NFATc1, 
a transcription factor involved in immune cell activation 
(Vaeth et al., 2011).

Given the diverse array of anti-inflammatory mecha-
nisms mediated by cAMP, such as those involving Epac 
and the PKA–CREB axis, it is not surprising that pharma-
cological agents targeting cAMP signalling are also known 
to exert immunomodulatory effects. For instance, forsko-
lin, which directly activates AC, and thereby increases 
intracellular cAMP levels, has been shown to exert anti-
inflammatory effects in various settings (Alasbahi and 
Melzig, 2012; Chen et al., 2019). Phosphodiesterases (PDEs) 
act as negative regulators of cAMP signalling by degrading 
cAMP into AMP. It is therefore expected that inhibiting PDE 
activity would enhance cAMP signalling, thereby promot-
ing an immunosuppressive effect. Indeed, apremilast, a 
selective PDE4 inhibitor, is used clinically to treat autoim-
mune conditions such as psoriasis and psoriatic arthritis 
(Perez-Aso et al., 2015).
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Further supporting the role of cAMP in controlling 
inflammation, several receptor agonists that elevate 
cAMP also promote immunosuppressive effects. Prosta-
glandin E2 (PGE2) receptor activation increases cAMP 
levels via Gs-coupled receptors and are known to mod-
ulate immune responses (Brudvik and Taskén, 2012). 
Similarly, β2-adrenergic receptor agonists, commonly 
used in the treatment of asthma, also possess well-doc-
umented immunosuppressive properties. Examples 
include salbutamol and terbutaline that increase cAMP 
levels by β2-adrenergic receptor signalling (Keränen et 
al., 2016). Additionally, adenosine A2A receptors, which 
are also Gs-coupled, are emerging as promising targets 
for immunomodulation. Indeed, A2A adenosine receptor 
agonists such as regadenoson are currently being 
explored in the context of organ transplantation (Lau 
et al., 2020).

cAMP also appears to play a key role in regulating 
inflammasome activity. In macrophages, the non-canon-
ical caspase-11 inflammasome, typically involved in 
pyroptosis and the release of pro-inflammatory cyto-
kines, is inhibited by cAMP. Specifically, elevated cAMP 
levels prevent activation of the caspase-11 inflam-
masome in response to cytosolic LPS through PKA acti-
vation (Chen et al., 2019). In the liver, scavenger receptors 
play a critical role in the uptake and clearance of LPS 
from circulation (Cabral et al., 2021; Guo et al., 2014). 
Given that the liver is constantly exposed to high levels 
of gut-derived LPS, the ability of cAMP–PKA signalling to 
suppress LPS-induced inflammasome activation may 
represent an essential tolerogenic mechanism. Further-
more, entero-pancreatic hormones that elevate intra-
cellular cAMP levels may contribute to this axis of 
hepatic immune tolerance. This appears to be the case 
for BAs, as canonical NLRP3 inflammasome activity has 
also been shown to be negatively regulated by BAs via 
the TGR5-cAMP-PKA signalling pathway (Guo et al., 
2016).

cAMP-mediated immune tolerance in the liver

The preceding discussion highlights numerous observa-
tions implicating cAMP signalling in attenuating inflam-
matory responses and promoting immune tolerance. 
Notably, several studies have identified cAMP signalling 
as a key regulator in shaping hepatic immune tolerance. 
As noted earlier, isoallolithocholic acid was shown to pro-
mote the development of a tolerogenic Marco+ phenotype 
in Kupffer cells located in the periportal zone (Miyamoto 
et al., 2024). Notably, isoallolithocholic acid, which is a 
known agonist of TGR5 (Sun et al., 2023), and as men-
tioned, TGR5 is a GPCR that signals via the cAMP pathway 
(Chen et al., 2020). Thus, although the direct involvement 
of cAMP in driving the development of tolerogenic Marco+ 
Kupffer cells was not explicitly investigated in that study, 

it is likely that is oallolithocholic acid induced cAMP pro-
duction via TGR5 activation, thereby contributing to the 
establishment of a tolerogenic phenotype in liver-resident 
immune cells.

Typically, exogenously derived epitopes are presented 
by phagocytic cells (e.g., macrophages or DCs) via MHC 
class II molecules. However, exogenous antigens can also 
be presented on MHC class I molecules through a process 
known as cross-presentation. In this context, LSECs are 
exceptionally efficient at presenting exogenous epitopes 
on MHC I to CD8+ T cells via cross-presentation (Limmer 
et al., 2000). This suggests that LSECs may play a central 
role in promoting tolerance to exogenous antigens 
encountered within the liver. Supporting this notion, 
recent findings have demonstrated that LSECs modulate 
CD8+ T-cell responses via cAMP, which functions as an 
‘immune rheostat’ (Bosch et al., 2024). Mechanistically, 
antigen-presenting LSECs were shown to induce tolerance 
in CD8+ T cells through the release of PGE2, which in turn 
elevated cAMP levels and promoted antigen-specific unre-
sponsiveness (Bosch et al., 2024). As a consequence, CD8+ 
T cells became unresponsive towards hepatocytes express-
ing viral antigens, thereby impairing antiviral immunity.

There is considerable interest in the role of IL-6 in the 
liver, as hepatocytes are highly sensitive to this pleiotropic 
cytokine, which regulates a broad range of hepatic func-
tions, including regeneration and metabolic control 
(Cheng et al., 2022; Naseem et al., 2018; Schmidt-Arras 
and Rose-John, 2016). However, conflicting findings and 
ongoing controversy persist regarding its precise role in 
liver physiology and pathology. Indeed, a recent meta-anal-
ysis examining IL-6 in liver function reported ‘contradict-
ing results in association with organ dysfunction’ 
(Murtha-Lemekhova et al., 2021). This uncertainty may, at 
least in part, arise from the context-dependent effects of 
IL-6, with its signalling outcomes modulated by crosstalk 
with other pathways active under distinct physiological 
and pathological conditions. As mentioned earlier, cAMP 
via the Epac-SOCS3 axis has been shown to attenuate IL-6 
trans-signalling (Sands et al., 2006) and likely exerts sim-
ilar modulatory effects in other cell types (Huang et al., 
2022). This observation suggests a potential role for 
cAMP-mediated modulation of IL-6 signalling in the liver.

The unique physiology of IL-6 in the liver is exemplified 
by the observation that contracting skeletal muscle serves 
as a major source of IL-6, producing up to a 100-fold 
increase in circulating levels (Kistner et al., 2022; Nash et 
al., 2023). This surge in IL-6 plays a key role in maintaining 
glucose homeostasis during exercise: IL-6 not only stim-
ulates pancreatic glucagon release (Chen et al., 2023), 
essential for hepatic gluconeogenesis, but also enhances 
cAMP-dependent glycogenolysis in the liver (Biazi et al., 
2023). Thus, muscle-derived IL-6 facilitates the mobiliza-
tion of hepatic glycogen stores to meet the elevated glu-
cose demands of physical exertion. However, this 
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mechanism presents a regulatory challenge: the liver 
must remain responsive to IL-6 to support glucose output 
while simultaneously avoiding the pro-inflammatory con-
sequences typically associated with IL-6 signalling. In this 
context, glucose counterregulatory responses during exer-
cise involve reduced insulin secretion alongside elevated 
glucagon levels (McCarthy et al., 2022), suggesting that 
glucagon-induced increases in cAMP may drive Epac acti-
vation. Indeed, glucagon has been shown to enhance Epac 
activity in liver cells in vitro (Cyphert et al., 2014; Sinclair 
et al., 2008). As noted, Epac antagonizes IL-6 trans-
signalling and its associated pro-inflammatory effects 
(Sands et al., 2006). This provides a plausible mechanism 
whereby exercise-induced elevations in glucagon increase 
hepatic cAMP, enabling Epac to mitigate the pro-inflam-
matory effects of IL-6 in the liver.

As previously mentioned, cAMP plays a key role in Treg 
function. In this context, there is also evidence to suggest 
that this mechanism may be particularly important in the 
liver. Early studies in pigs have demonstrated that 
co-transplantation of the liver with other tissues signifi-
cantly delays graft rejection (Calne et al., 1969). Similarly, 
liver co-transplantation has been associated with 
enhanced immune tolerance in kidney (Taner et al., 2016) 
and heart (Wong et al., 2016) transplants in humans. A 
plausible mechanism underlying this phenomenon is that 
the transplanted liver expresses foreign graft antigens, 
which are rendered tolerogenic through the induction of 
antigen-specific Tregs. These Tregs may subsequently 
migrate to the co-transplanted organ, where they promote 
immune tolerance and contribute to the protection of the 
secondary graft.

Support for this perspective is provided by observations 
that liver-targeted allergen immunotherapy can promote 
tolerance to respiratory allergens. Liver-resident immune 
cells, such as Kupffer cells and LSECs, express high levels 
of mannose receptors, enabling preferential accumulation 
of synthetically mannosylated antigens in the liver. By 
exploiting this property, it was recently demonstrated that 
mannosylation of allergen-derived antigens can induce 
immune tolerance in the respiratory tract (Emiliano 
Gómez Medellín et al., 2025). In this context, Tregs gener-
ated in the liver were shown to play a critical role in estab-
lishing allergen-specific tolerance, suggesting that the 
liver actively promotes T-cell differentiation towards a 
Treg phenotype (Emiliano Gómez Medellín et al., 2025). 
This observation not only highlights the pro-tolerogenic 
capacity of the hepatic compartment but also demon-
strates its systemic immunological impact.

Finally, the liver is one of the most NK cell-enriched 
organs in the body, with 30%–50% of all intrahepatic lym-
phocytes being NK cells. These cells display striking het-
erogeneity, with both resident and infiltrating NK cell 
populations acquiring unique tissue-imprinted pheno-
types (Rebuffet et al., 2024). In this regard, cAMP likely 

plays a key role in contributing to this heterogeneity and 
in shaping NK cell phenotype. It has long been noted that 
elevations in cAMP suppress NK cell cytotoxic function 
(Goto et al., 1983). More recently, in the context of devel-
oping chimeric antigen receptor (CAR) NK cells, it was 
shown that cAMP acts as a key immunological ‘brake’ by 
activating the cAMP-responsive element modulator 
(CREM) (Rafei et al., 2025). Interestingly, during early 
implantation (first trimester), the placenta—another 
structure characterized by immune tolerance owing to its 
foetal origin—also harbours an abundance of NK cells 
(Faas and de Vos, 2017). In this setting, cAMP signalling 
has been implicated in the ‘re-education’ of decidual NK 
cells during endometrial decidualization, a process in 
which the uterus undergoes structural and functional 
remodeling to support pregnancy. Specifically, rising cAMP 
levels in endometrial stromal cells are associated with the 
reprogramming of decidual NK cells into CD56bright NKs, 
which display low cytotoxicity while retaining a robust 
capacity for cytokine secretion (Jin et al., 2021). By con-
trast, the role of cAMP in liver-resident NK cells is less well 
defined, although early studies (Sirianni et al., 1992) indi-
cate that cAMP-inducing hormones such as VIP and glu-
cagon can attenuate NK cell function.

Taken together, it is clear that cAMP not only has a 
well-documented role in attenuating inflammation but 
also likely plays a key role in promoting immune tolerance 
in the liver. Although various entero-pancreatic endocrine 
factors have been shown to suppress inflammation 
through receptor-mediated increases in cAMP, their pre-
cise role in shaping hepatic tolerance via modulation of 
cAMP tone remains to be fully elucidated.

cAMP signalling specificity and complexity
As mentioned, there are occasional conflicting reports 
regarding the effects of various endocrine factors on 
immune function. These discrepancies may, in part, reflect 
the intrinsic complexity of cAMP signalling, which can 
simultaneously influence multiple cellular processes. For 
example, cAMP has been shown to reduce neutrophil 
retention by limiting their adhesion to bronchial epithelial 
cells (Bloemen et al., 1997). However, cAMP can also pre-
vent apoptosis in neutrophils, thereby extending their 
lifespan (Martin et al., 2001). In one context, cAMP signal-
ling may therefore appear anti-inflammatory by reducing 
neutrophil adhesion and promoting their clearance from 
tissue. In another context, however, it may be interpreted 
as pro-inflammatory, as it prolongs the presence of 
neutrophils. This complexity highlights the limitations of 
categorizing cAMP signalling as purely pro- or anti- 
inflammatory, and underscores the importance of context 
when interpreting its immunological effects.

The complexity of cAMP signalling is further under-
scored by the observation that, although numerous 
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hormone receptors utilize cAMP as a secondary messen-
ger, they do not produce identical downstream effects. For 
instance, though both glucagon and GLP-1 treatments lead 
to a comparable increase in intracellular cAMP levels, only 
glucagon enhances the expression of ICER, which subse-
quently suppresses the transcription of insulin-related 
genes (Hussain et al., 2000). Similarly, while both forskolin 
(an activator of AC) and PGE2 receptor activation suppress 
TNF production, only forskolin also reduces IL-10 secre-
tion (Dahle et al., 2005). This suggests that the receptor 
through which cAMP is elevated can confer specificity to 
cellular outcomes. Furthermore, they illustrate that both 
pro-inflammatory (e.g., TNF) and anti-inflammatory (e.g., 
IL-10) mediators can be simultaneously yet differentially 
regulated by cAMP signalling, depending on the context 
and pathway involved.

These findings may also have important implications 
for how cAMP interacts with other signalling pathways. 
For example, in thyroid cells, thyroid-stimulating hormone 
increases intracellular cAMP, which has been shown 
to  activate mTOR, particularly complex 1 (mTORC1) 
(Blancquaert et al., 2010). In contrast, elevated cAMP has 
been reported to inhibit both mTORC1 and mTORC2 in 
mouse embryonic fibroblasts (Xie et al., 2011). This high-
lights the context-specific effects of cAMP signalling. 
Moreover, the case of mTOR is particularly noteworthy, as 
mTOR plays a pivotal role in immune cell activation by 
promoting anabolic processes required for cell growth and 
proliferation (Powell et al., 2012). Indeed, several immu-
nosuppressive drugs used to prevent organ rejection in 
transplant patients, such as sirolimus and everolimus, act 
as mTOR inhibitors. These observations underscore the 
notion that cAMP can exert diverse and sometimes oppos-
ing effects depending on its crosstalk with other major 
signalling pathways.

One key mechanism underlying the diverse, and some-
times contrasting effects of cAMP signalling lies in the 
pattern and duration of cAMP signalling events. For 
instance, sustained elevations in cAMP are required for 
the induction of Tregs (Klein et al., 2012), whereas a tran-
sient increase in cAMP is observed following T-cell activa-
tion (Conche et al., 2009; Kanda and Watanabe, 2001). In 
this context, PDEs likely play a crucial role in regulating 
the decline in cAMP levels necessary to prevent the immu-
nosuppressive effects typically associated with prolonged 
cAMP signalling (Bielenberg et al., 2024). These observa-
tions highlight the importance of the temporal dynamics 
of cAMP signalling in shaping its downstream immuno-
logical outcomes.

Another major feature of cAMP signalling that gives rise 
to specific effects is the spatial confinement of cAMP-re-
lated signalling events. Three key mechanisms contribute 
to the localization of cAMP signalling (Bock et al., 2024; 
Lefkimmiatis and Zaccolo, 2014). First, the trafficking of 
activated membrane receptors to intracellular 

compartments leads to the local activation of AC, creating 
spatial gradients of cAMP. For example, in neurons, dopa-
mine receptors are trafficked into AC-containing endo-
somes and directed to specific cellular compartments to 
elicit defined signalling outputs (Ripoll and von Zastrow, 
2023). Second, the localization of PDEs, which degrade 
cAMP, creates local ‘exclusion zones’ where cAMP is rap-
idly metabolized and thus rendered ineffective. For 
instance, the spatial regulation of β-adrenergic-stimulated 
cAMP signalling is mediated by compartmentalized PDE2, 
resulting in ‘cAMP dead zones’ (Mongillo et al., 2006). 
Finally, key scaffolding proteins such as A-kinase anchor-
ing proteins (AKAPs) play a crucial role in organizing local 
signalosomes that spatially coordinate cAMP signalling 
events. In this regard, pre-treating DCs with AKAP inhibi-
tors produced diverse effects upon lipopolysaccharide LPS 
challenge, highlighting the importance of AKAP-mediated 
localization of PKA in antigen presentation (Schillace 
et al., 2009).

Although this discussion has primarily focused on 
cAMP-mediated signalling downstream of receptor acti-
vation, emerging evidence suggests that the Gβγ complex 
(see Fig. 3) can also translocate to various intracellular 
membrane compartments, where it regulates a range of 
additional signalling pathways (Kankanamge et al., 2022). 
As a result, the downstream effects of GPCR activation 
may include Gβγ-mediated processes that extend beyond 
canonical cAMP signalling. This may elucidate certain 
observations, such as the modulation of cytokine release 
in CD4+ T cells by a VIP analogue through both cAMP-
dependent and cAMP-independent mechanisms (Wang 
et al., 1999).

Finally, another major feature of GPCRs is that, although 
various agonists may all result in selective receptor acti-
vation, individual ligands can preferentially activate a 
subset of the receptor’s downstream signalling path-
ways—a phenomenon known as biased agonism (Kise and 
Inoue, 2024). This is particularly relevant in cases where 
different endogenous hormones activate the same recep-
tor (e.g., both CCK and gastrin activating CCK2R). More-
over, because synthetic analogues are often more stable 
and easier to synthesize than native peptide hormones, 
they are frequently used in studies investigating receptor 
function. However, these analogues may exhibit biased 
agonism, resulting in signalling outputs that differ from 
those elicited by the endogenous ligands. This may, in part, 
account for some of the divergent functional outcomes 
occasionally reported in the literature.

Moreover, biased agonists for various entero-pancreatic 
hormones are actively being developed, although their 
immune-modulating consequences remain largely unex-
plored. For example, ecnoglutide, a biased agonist for 
GLP-1R, has recently been shown to be both safe and effec-
tive in promoting weight loss (Ji et al., 2025). Ecnoglutide 
preferentially promotes cAMP elevation while avoiding 
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β-arrestin recruitment. Since β-arrestin acts as a negative 
regulator of GPCRs such as GLP-1R, limiting its recruit-
ment may enhance cAMP signalling intensity by reducing 
β-arrestin-mediated receptor desensitization. Similarly, 
CT-859, a dually biased GLP-1R/GIPR agonist, has been 
developed with the specific aim of curtailing β-arrestin 
recruitment (Rodriguez et al., 2025). Of note, however, β-ar-
restin has also been shown to physically interact with a 
variety of proteins beyond GPCRs, functioning as a scaf-
folding and adaptor protein in other signalling contexts 
(Kee et al., 2024). Importantly, β-arrestin has been impli-
cated in a broad range of immune-related functions 
(Freedman and Shenoy, 2018). As these and other biased 
agonists continue to be developed, there is a clear need to 
better understand how such signalling pathways operate 
in immune cells, and how biased agonism may influence 
immune function.

Immunoendocrinology beyond postprandial 
cAMP signalling
As discussed, postprandial endocrine response leads to an 
increase in entero-pancreatic hormones that reach the 
liver at elevated concentrations via the portal vein. This 
influx contributes to an anti-inflammatory and pro-tolero-
genic immune environment in the liver, primarily through 
the elevation of intracellular cAMP levels. However, several 
of these hormones also activate signalling pathways inde-
pendent of cAMP. In addition, the liver itself produces 
hepatokines whose expression is differentially regulated 
by feed-fast cycles and which may profoundly influence 
the hepatic immune environment through paracrine sig-
nalling. Glucagon and other hormones, such as ghrelin, 
are typically elevated during a fasted state. As discussed 
below, these endocrine factors may further contribute to 
the establishment of immune tolerance within the liver.

Insulin is a major postprandial hormone that not only 
facilitates the uptake of glucose and amino acids but also 
promotes an anabolic cellular state, driving the synthesis 
of macromolecules such as lipids and glycogen. In addi-
tion to its metabolic functions, insulin is a potent 
immune-modulating hormone (Van Niekerk et al., 2020). 
For instance, canonical insulin signalling through the 
PI3K/Akt/mTOR pathway is also activated by B-cell (Limon 
and Fruman, 2012) and T-cell (Tsai et al., 2018) receptors 
upon binding to recognized epitopes on MHC proteins. 
Insulin thus potentiates this immune-metabolic repro-
gramming necessary for immune function.

Furthermore, upon insulin binding, the insulin receptor 
can translocate to the nucleus, where it forms a complex 
with RNA polymerase II and other transcription factors to 
regulate the expression of various genes, including those 
involved in antiviral responses and epitope presentation 
(Hancock et al., 2019). These observations suggest a com-
prehensive role of insulin in promoting immune function. 

However, insulin receptors on lymphocytes are upregu-
lated primarily following immune activation and are 
therefore not expected to exert strong immune-modula-
tory effects under steady-state conditions.

Postprandially, somatostatin is released by pancreatic 
δ cells as well as gastrointestinal D cells. Somatostatin 
suppresses the release of a variety of hormones and likely 
functions to inhibit both the secretion of fasting-associ-
ated hormones and to provide negative feedback on hor-
mones released in response to feeding. There are five 
known somatostatin receptors (SSTR1–5), some of which 
can form heterodimers. However, the suppression of cAMP 
signalling appears to be the predominant function of SSTR 
activation (Zhang et al., 2025; Zhao et al., 2022). In addition 
to directly inhibiting cAMP, SSTRs also engage in crosstalk 
with other intracellular signalling pathways. For example, 
SSTR5 has been shown to modulate ERK1/2 and PI3K/Akt 
signalling (Somvanshi et al., 2011). It is therefore likely 
that the different receptor subtypes mediate distinct bio-
logical effects beyond the negative regulation of cAMP.

It has long been known that cells of both the innate and 
adaptive immune systems express different SSTR sub-
types at varying levels (Lichtenauer-Kaligis et al., 2000). 
However, their specific roles in immune function remain 
poorly understood. In addition to receptor crosstalk, soma-
tostatin also regulates the release of other hormones with 
established immune-regulatory functions. For example, 
SSTR2 is well studied, as agonists targeting this receptor 
are clinically used to suppress excessive growth hormone 
(GH) secretion in acromegaly, a condition characterized 
by abnormal growth of bones and organs. GH levels are 
typically elevated during prolonged fasting (e.g., overnight 
or during intermittent fasting) and have been shown to 
exert significant effects on immune function. In macro-
phages, for example, GH and IFNγ elicit overlapping tran-
scriptional profiles, indicating that GH plays a pivotal role 
in supporting antimicrobial activity and antigen presen-
tation (Schneider et al., 2019). Therefore, somatostatin, 
through its ability to suppress GH secretion, may represent 
an additional axis through which immune function is 
modulated.

Also of note, the liver is highly sensitive to GH stimula-
tion, which drives the hepatic release of insulin-like 
growth factor 1 (IGF-1). IGF-1 has been shown to regulate 
immune function (Wang et al., 2024), adding another layer 
of complexity by suggesting that paracrine signalling via 
liver-derived hepatokines can shape the hepatic immune 
environment. Further complicating this regulatory net-
work, IGF-1 and insulin receptors are capable of forming 
heterodimeric hybrid receptors that display a higher affin-
ity for IGF-1 than for insulin (Slaaby, 2015).

The liver is also the primary source of circulating fibro-
blast growth factor 21 (FGF21), a fasting-induced hepato-
kine that has received considerable attention for its role 
in regulating metabolic adaptation to fasting. FGF21 
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promotes processes such as lipolysis and the expression 
of ketogenic genes, primarily through activation of the 
transcription factor PPARα (Reitman, 2007). More recently, 
FGF21 has also been shown to act in an autocrine/para-
crine manner within the liver to promote lipophagy, 
thereby facilitating the mobilization of hepatic fatty acids 
(Byun et al., 2020). Notably, FGF21 has also been implicated 
in the regulation of immune function, suggesting that its 
local autocrine/paracrine effects in the liver may contrib-
ute to immune modulation.

For example, FGF21 has been reported to exert potent 
anti-inflammatory effects, suppressing the release of 
IL-1β and TNF following LPS challenge, while simulta-
neously enhancing the production of the anti-inflam-
matory cytokine IL-10 (Li et al., 2018). FGF21 knockout 
mice spontaneously develop inflammatory states in the 
lung and exhibit heightened sensitivity to LPS, a pheno-
type that can be ameliorated by administration of exog-
enous FGF21 (Cai et al., 2024). Furthermore, FGF21 has 
been shown to improve survival of liver grafts by mod-
ulating inflammation associated with ischemia-reper-
fusion injury (Yang et al., 2024). Indeed, most studies 
examining various pro-inflammatory conditions report 
an anti-inflammatory role for FGF21. However, some 
exceptions exist. For instance, in THP-1 monocyte/
macrophage cells, FGF21 promotes glucose uptake and 
activates the PI3K/Akt pathway (Wang et al., 2018). 
Similarly, enhanced phagocytosis and NADPH oxidase 
activity have been observed following FGF21 treatment 
(Wang et al., 2015). Thus, although the majority of 
evidence supports an anti-inflammatory function for 
FGF21, conflicting findings remain and warrant further 
investigation.

As previously noted, receptors for different receptor 
subtypes, or even different hormones, can occasionally 
form heterodimers, a phenomenon also reported to mod-
ulate cAMP signalling. For example, ghrelin, commonly 
referred to as the ‘hunger hormone’ due to its role in 
stimulating appetite and food intake, is secreted by X/A-
like cells of the stomach. Although ghrelin is known to 
attenuate immune responses (Mathur et al., 2021), it is 
not typically associated with increased cAMP signalling. 
In fact, in pancreatic β cells, ghrelin has been shown to 
inhibit insulin secretion by suppressing cAMP levels 
(Kurashina et al., 2015). However, in striking contrast, 
co-expression of the ghrelin receptor (known as the 
growth hormone secretagogue receptor [GHS-R] due to 
ghrelin’s ability to stimulate GH release during fasting) 
with the dopamine 1 receptor (D1R) results in a shift in 
G-protein coupling: This heterodimerization leads to 
ghrelin enhancing dopamine signalling via increased 
cAMP accumulation (Jiang et al., 2006). This finding raises 
the possibility that immune cells co-expressing GHS-R 
and D1R may exhibit similarly enhanced cAMP responses. 
Notably, both T cells and other immune cell types have 

been shown to express D1R (Levite, 2016) as well as GHS-R 
(Dixit et al., 2004).

Here, we have focused primarily on entero-pancreatic 
hormones, particularly emphasizing the role of cAMP sig-
nalling. However, as the preceding discussion indicates, 
other hormones also contribute to shaping the immuno-
logical context of the liver. Insulin, for instance, is of par-
ticular interest as a potentially pro-inflammatory hormone. 
Other hormones, such as ghrelin, may acquire new func-
tional relevance depending on the cellular context, partic-
ularly in relation to receptor expression and receptor 
heterodimerization. GH, although not delivered directly to 
the liver via the portal vein, may nonetheless influence 
hepatic immune function through systemic actions or 
local indirect mechanisms, for example, via paracrine sig-
nalling from IGF-1 acting on liver-resident immune cells. 
FGF21 is also likely to exert significant effects on the liver’s 
immunological environment through paracrine activity. 
Although initial interest in FGF21 focused on its metabolic 
roles, it is now evident that this hepatokine has substantial 
immunomodulatory effects, even if the underlying mech-
anisms remain incompletely understood.

Finally, another interesting question is how fasting and 
feeding cycles differentially affect liver tolerance. During 
fasting, anti-inflammatory endocrine factors such as glu-
cagon and FGF21 are likely to further promote liver toler-
ance in the absence of cAMP-inducing hormones. Ghrelin, 
another gastrointestinal hormone released during fasting, 
has also been shown to exert anti-inflammatory effects, 
while simultaneously stimulating the release of GH, which 
appears to be more pro-inflammatory. How these and 
other hormones differentially impact liver function during 
feeding-fasting cycles remains to be explored.

Implications
Taken together, it is clear that elucidating the immune-mod-
ulating effects of these endocrine factors could have far- 
reaching implications (Fig. 4). A number of entero-pancreatic 
peptides, such as GLP-1, glucagon, GIP, and amylin, which 
activate Gαs-coupled GPCRs (i.e., signal via cAMP), are tar-
geted in current GLP-1-based multi-agonist therapies for 
diabetes and as weight-loss agents. Notably, however, these 
agents have also demonstrated therapeutic utility beyond 
weight management and diabetes (reviewed in Drucker, 
2025). For example, Retatrutide (GLP-1/GIP/glucagon) has 
been shown to effectively reduce liver fat content in meta-
bolic dysfunction-associated steatotic liver disease (MASLD) 
(Sanyal et al., 2024). Tirzepatide (GLP-1/GIP), initially devel-
oped for weight loss, is now also being investigated for 
chronic kidney disease (Packer et al., 2025) and metabolic 
dysfunction-associated steatohepatitis (Loomba et al., 2024). 
Similarly, this class of hormone receptor agonists has also 
been shown to confer benefits in atherosclerosis and car-
diovascular disease (reviewed in Marx et al., 2022).
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Part of these beneficial effects can be directly 
attributed to weight loss and reduced food intake (e.g., 
lower cholesterol and sugar consumption). However, 
because inflammation is a common co-occurring feature 
in many of these pathological states, it is increasingly 
recognized that the anti-inflammatory properties of this 
class of hormone-based drugs may play a significant role 
in their efficacy across such a broad range of clinical 
settings (Drucker, 2024; Marx et al., 2022). For example, 
studies in transgenic mouse models have demonstrated 
that the beneficial effects of GLP-1 agonists such as 
semaglutide on plaque lesion formation are at least 
partly mediated independently of weight reduction and 
cholesterol-lowering effects (Rakipovski et al., 2018). This 
work highlighted that a reduced inflammatory tone 
resulted in altered leukocyte behaviours central to the 
pathogenesis of atherosclerosis (e.g., leukocyte rolling, 
extravasation, and cholesterol metabolism), which 
played a key role in mediating the anti-atherosclerotic 
effects of semaglutide (Rakipovski et al., 2018). Similarly, 
we have suggested that the recently reported effective-
ness of pemvidutide, a GLP-1/glucagon dual receptor 
agonist, in treating MASLD may in part relate to its 
anti-inflammatory effects (van Niekerk et al., 2025). For 
instance, inflammation is a key driver of de novo lipogen-
esis in the liver, suggesting a synergistic benefit of 

pemvidutide in attenuating hepatic lipid accumulation. 
Thus, although these drugs likely act through multiple 
parallel mechanisms, their anti-inflammatory effects 
warrant particular attention.

These observations not only reinforce the anti-inflam-
matory potential of entero-pancreatic peptide hormones 
but also indicate that this class of drugs could be repur-
posed as immune-modulating therapies. However, the 
chronic administration of these receptor agonists at sup-
raphysiological doses raises important immunological 
questions: What effects might such treatments have on 
susceptibility to infection or on the efficacy of vaccine 
responses? Moreover, advances in drug delivery, such as 
drug-loaded hydrogels, may further reduce the frequency 
of administration from weekly injections to once every 
few months. This means that individuals undergoing 
unscheduled medical interventions (e.g., developing sep-
sis) may have these agents active in their system. These 
considerations highlight the need to understanding how 
these drugs might affect immune function.

Another intriguing possibility lies in the development 
of novel strategies for engineering xenografts, a field that 
remains challenging despite incremental progress (Griffith 
et al., 2025). Constitutive expression of gastrointestinal 
peptide hormones in transplanted organs might offer a 
means to create ‘immunologically veiled’ xenografts by 

Figure 4.  A better understanding of how endocrine factors released following a meal impact on immune function may have impli-
cations in a number of clinical settings.
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establishing a paracrine environment that promotes local 
immune tolerance. Conversely, disrupting the tolerogenic 
environment of the liver could provide new approaches 
for treating liver infections (viral hepatitis), or even met-
astatic lesions.

A deeper understanding of appetite suppression during 
infection may also shed light on a longstanding question: 
Why do we lose our appetite when we fall ill? Appetite 
loss is a well-recognized component of sickness behaviour 
and is commonly observed during infection. It is tempting 
to speculate that this response serves to circumvent the 
immune-modulatory effects of the endocrine response 
to feeding. In this context, nutrient intake, particularly 
enteral nutrition during infection, such as in cases of sep-
sis, may elicit a postprandial endocrine response that 
could potentially interfere with optimal immune func-
tion. Given the ongoing debate surrounding nutritional 
support in sepsis, these considerations suggest that, in 
certain circumstances, permissive underfeeding may 
confer therapeutic benefits (van Niekerk et al., 2020).

The liver, as the largest internal organ, contains approx-
imately 10%–15% of the total blood volume. Owing to its 
low-pressure, percolative blood flow, circulating immune 
cells entering the liver have ample opportunity to interact 
with hepatic cells. In particular, LSECs play a key role in 
recruiting and ‘trapping’ immune cells within the hepatic 
microvasculature (Shetty et al., 2018). Consequently, the 
liver may play an important role in modulating systemic 
inflammation by reprogramming immune cells that tran-
sit through this tolerogenic compartment. The observation 
that liver-targeted mannosylation of allergen-derived anti-
gens induces Tregs that attenuate immune activation in 
the respiratory tract (Emiliano Gómez Medellín et al., 2025) 
further underscores that the tolerogenic compartment of 
the liver can have systemic consequences.

Critically, it should be emphasized that, although it has 
long been recognized that immune cells express receptors 
for these endocrine factors, their role in immune function 
remains poorly characterized. Furthermore, some of the 
available studies are dated and rely on methodologies that 
have since been superseded by more advanced techniques. 
In addition, the functions of these endocrine factors 
within the liver, and their effects on various hepatic cell 
types (e.g., hepatocytes, Kupffer cells, LSECs, liver-resident 
NK cells, etc.) remain largely unexplored. Given the poten-
tial consequences of such tolerogenic systems, there is a 
clear and pressing need to develop a more comprehensive 
understanding of how these entero-pancreatic endocrine 
factors regulate immune function.

Because of their involvement in other physiological pro-
cesses, there are likely to be situations in which the ther-
apeutic application of these agents may be limited. 
Numerous clinical trials have demonstrated that several 
peptide hormones, including glucagon, amylin, GIP, and 
GLP-1, are well tolerated and possess favourable 

pharmacological profiles. However, since the use of these 
agents suppresses appetite to the extent that muscle loss 
can also occur (Prado et al., 2024), their immune-regula-
tory utility may be restricted. For example, promoting 
placental tolerance or treating inflammation in cachexia 
would require careful monitoring of food intake.

Other peptide hormones, such as CCK, have also been 
explored for weight loss, though with less success than 
GLP-1. This is likely because CCK is more effective at induc-
ing meal termination (acute satiation) than at suppressing 
long-term food intake and thereby facilitating weight loss 
(Warrilow et al., 2023). Moreover, due to CCK’s role in the 
central nervous system, analogues may induce side effects 
such as anxiety (Ballaz et al., 2020), while its gastric actions 
can lead to excessive pancreatic and biliary secretion, 
resulting in diarrhoea and electrolyte disturbances. Simi-
larly, based on the clinical features of VIPoma syndrome 
(VIP-secreting tumours) (Abdullayeva, 2019), it is likely that 
chronically elevated VIP could cause watery diarrhoea and 
electrolyte imbalances, accompanied by vascular compli-
cations such as hypotension and flushing. Thus, it remains 
uncertain whether the desired immune-modulating effects 
of such peptides can be achieved at the dose and duration 
required for effective therapeutic application.

Similar caution is warranted for BAs and their ana-
logues. For example, in the livers of mice, activation of the 
BA receptor FXR transcriptionally suppresses autophagy, 
even under fasting conditions (Seok et al., 2014). This 
BA-mediated suppression via FXR likely reflects the 
requirement for the liver to shift into an anabolic state to 
consolidate incoming nutrients, a process for which cat-
abolic pathways such as autophagy may be counterpro-
ductive. However, evidence suggests that impaired 
autophagy predisposes to metabolic-associated liver 
pathology (Baselli et al., 2022; Ren et al., 2024). For instance, 
lipophagy has been shown to facilitate the clearance of 
lipids from the liver (Minami et al., 2023). In addition, the 
autophagy–lysosomal pathway appears to play an import-
ant role in mediating LPS tolerance in the liver, since lyso-
somal enzymes such as acyloxyacyl hydrolase are 
essential for LPS detoxification (Liu et al., 2020). Taken 
together, these observations highlight a potential mecha-
nism by which BAs, through FXR-mediated suppression 
of autophagy, may enhance LPS sensitivity and thereby 
increase inflammatory tone.

Acknowledgements
We are grateful to Yuxia Lin for kindly translating the 
English summary into Chinese.

Abbreviations
AKAPs, A-kinase anchoring proteins; AC, adenylyl cyclase; 
BAs, bile acids; cAMP, cyclic AMP; CRE, cAMP response 
elements; CREM, cAMP-responsive element modulator; 



Endocrine regulation of hepatic tolerance  |  415

Pr
ot

ei
n

 &
 C

el
l

CCK, cholecystokinin; DAMPs, damage-associated molec-
ular patterns; DCs, dendritic cells; D1R, dopamine 1 recep-
tor; Epac, exchange protein directly activated by cAMP; 
FXR, farnesoid X receptor; FGF21, fibroblast growth factor 
21; GPCRs, G protein-coupled receptors; GLP-1, gluca-
gon-like peptide-1; GLP-1RAs, GLP-1 receptor agonists; GIP, 
glucose-dependent insulinotropic polypeptide; GIPR, GIP 
receptor; GH, growth hormone; GHS-R, growth hormone 
secretagogue receptor; GEFs, guanine nucleotide exchange 
factors; ICER, inducible cAMP early repressor; IGF-1, insu-
lin-like growth factor 1; LSECs, liver sinusoidal endothelial 
cells; mTORC1, mammalian target of rapamycin complex 
1; PXR, pregnane X receptor; PGE2, prostaglandin E2; PKA, 
protein kinase A; RA, retinoic acid; RORγ, retinoic acid 
receptor-related orphan receptor γ; SSTR, somatostatin 
receptor; TGR5, Takeda G protein-coupled receptor 5, VIP, 
vasoactive intestinal peptid

Author contributions
G.v.N. conceptualized the original hypothesis and drafted 
the manuscript. Y.K. and J.F. were consulted for critical 
input into the main tenets of the hypothesis. All authors 
critically reviewed, edited, and provided feedback in for-
mulating the final version of the manuscript.

Conflict of interest
None of the authors have any conflicts of interest to 
declare.

Funding
G.v.N. gratefully acknowledges the support of the Marie 
Skłodowska-Curie Actions (MSCA) Individual Fellowship 
under the Horizon Europe Research and Innovation Pro-
gramme (Proposal number: 101110724). K.D. gratefully 
acknowledges funding from the FWO Excellence of Science 
(EOS) program (No. 40007527; VirEOS2) and Horizon 
Europe, Health (Grant agreement ID: 101137459; Yellow-
4FLAVI). This work was also funded by the European Union. 
Views and opinions expressed are, however, those of the 
authors only and do not necessarily reflect those of the 
European Union or the European Health and Digital Exec-
utive Agency (HADEA). Neither the European Union nor 
the granting authority can be held responsible for them.

Consent for publication
All authors have read and approved the final version of this 
manuscript and have given their consent for publication.

References
Abdullayeva L. VIPoma: mechanisms, clinical presentation, 

diagnosis and treatment. World Acad Sci J 2019;1: 
229–235. 

Adam R, Piedvache C, Chiche L et al. Collaborative TransMet 
group. Liver transplantation plus chemotherapy versus 
chemotherapy alone in patients with permanently unre-
sectable colorectal liver metastases (TransMet): results 
from a multicentre, open-label, prospective, randomised 
controlled trial. Lancet 2024;404:1107–1118. 

Alasbahi RH, Melzig MF. Forskolin and derivatives as tools for 
studying the role of cAMP. Pharmazie 2012;67:5–13. 

Almahariq M, Mei FC, Wang H et al. Exchange protein directly 
activated by cAMP modulates regulatory T-cell-mediated 
immunosuppression. Biochem J 2015;465:295–303. 

Álvarez Á, Ibiza S, Hernández C et al. Gastrin induces leuko-
cyte‐endothelial cell interactions in vivo and contributes 
to the inflammation caused by Helicobacter pylori. FASEB 
J 2006;20:2396–2398. 

Amiot L, Vu N, Samson M. Biology of the immunomodulatory 
molecule HLA-G in human liver diseases. J Hepatol 
2015;62:1430–1437. 

Andreozzi F, Di Fatta C, Spiga R et al. Glucagon induces the 
hepatic expression of inflammatory markers in vitro and 
in vivo. Diabetes Obes Metab 2023;25:556–569. 

Arnaiz-Villena A, Juarez I, Suarez-Trujillo F et al. HLA-G: func-
tion, polymorphisms and pathology. Int J Immunogenet 
2021;48:172–192. 

Ballaz SJ, Bourin M, Akil H et al. Blockade of the cholecystoki-
nin CCK-2 receptor prevents the normalization of anxiety 
levels in the rat. Prog Neuropsychopharmacol Biol Psychiatry 
2020;96:109761. 

Baselli GA, Jamialahmadi O, Pelusi S et al.; EPIDEMIC Study 
Investigators. Rare ATG7 genetic variants predispose 
patients to severe fatty liver disease. J Hepatol 2022;77: 
596–606. 

Bhatt S, Qin J, Bennett C et al. All-trans retinoic acid induces 
arginase-1 and inducible nitric oxide synthase-producing 
dendritic cells with T cell inhibitory function. J Immunol 
2014;192:5098–5108. 

Biazi GR, Uemura IGF, Miksza DR et al. Interleukin 6 acutely 
increases gluconeogenesis and decreases the suppressive 
effect of insulin on cAMP-stimulated glycogenolysis in rat 
liver. Cell Biochem Funct 2023;41:609–618. 

Bielenberg M, Kurelic R, Frantz S, Nikolaev VO. A mini-review: 
phosphodiesterases in charge to balance intracellular 
cAMP during T-cell activation. Front Immunol 2024; 
15:1365484. 

Blancquaert S, Wang L, Paternot S et al. cAMP-Dependent acti-
vation of mammalian target of rapamycin (mTOR) in 
thyroid cells. Implication in mitogenesis and activation 
of CDK4. Mol Endocrinol 2010;24:1453–1468. 

Bloemen PGM, Van Den Tweel MC, Henricks PAJ et al. Increased 
cAMP levels in stimulated neutrophils inhibit their adhe-
sion to human bronchial epithelial cells. Am J Physiol 
1997;272:L580–L587. 

Bock A, Irannejad R, Scott JD. cAMP signaling: a remarkably 
regional affair. Trends Biochem Sci 2024;49:305–317. 

Bosch M, Kallin N, Donakonda S et al. A liver immune rheostat 
regulates CD8 T cell immunity in chronic HBV infection. 
Nature 2024;631:867–875. 



416  |  van Niekerk et al.

Pr
ot

ei
n

 &
 C

el
l

Brouillette M. 2024. Can designer pigs solve the organ short-
age? Lab Anim (NY) 2024;53:259–262. 

Brudvik KW, Taskén K. Modulation of T cell immune functions 
by the prostaglandin E2-CAMP pathway in chronic inflam-
matory states. Br J Pharmacol 2012;166:411–419. 

Byun S, Seok S, Kim YC et al. Fasting-induced FGF21 signaling 
activates hepatic autophagy and lipid degradation via 
JMJD3 histone demethylase. Nat Commun 2020;11:807. 

Cabral F, Al-Rahem M, Skaggs J et al. Stabilin receptors clear 
LPS and control systemic inflammation. iScience 2021;24: 
103337. 

Cai LQ, Li XC, Wang YY et al. Investigation of metabolic and 
inflammatory disorder in the aging FGF21 knockout 
mouse. Inflammation 2024;47:2173–2195. 

Calne RY, Sells RA, Pena JR et al. Induction of immunological 
tolerance by porcine liver allografts. Nature 1969;223: 
472–476. 

Cao J, Belousoff MJ, Liang YL et al. A structural basis for amylin 
receptor phenotype. Science 2022;375:eabm9609. 

Cassani B, Villablanca EJ, De Calisto J et al. Vitamin A and 
immune regulation: role of retinoic acid in gut-associated 
dendritic cell education, immune protection and toler-
ance. Mol Aspects Med 2012;33:63–76. 

Chen EX, Loree JM, Titmuss E et al. Liver metastases and 
immune checkpoint inhibitor efficacy in patients with 
refractory metastatic colorectal cancer. JAMA Netw Open 
2023;6:e2346094. 

Chen G, Wang X, Ge Y et al. Cryo-EM structure of activated 
bile acids receptor TGR5 in complex with stimulatory G 
protein. Signal Transduct Target Ther 2020;5:142. 

Chen R, Zeng L, Zhu S et al. CAMP metabolism controls 
caspase-11 inflammasome activation and pyroptosis in 
sepsis. Sci Adv 2019;5:eaav5562. 

Chen W, Cui W, Wu J et al. Blocking IL-6 signaling improves 
glucose tolerance via SLC39A5-mediated suppression of 
glucagon secretion. Metabolism 2023;146:155641. 

Chen Y, Wen JG, Feng JJ et al. Forskolin attenuates the NLRP3 
inflammasome activation and IL-1β secretion in human 
macrophages. Pediatr Res 2019;86:692–698. 

Chen YF, Huang G, Wang YM et al. Exchange protein directly 
activated by cAMP (epac) protects against airway inflam-
mation and airway remodeling in asthmatic mice. Respir Res 
2019;20:285. 

Cheng N, Kim KH, Lau LF. Senescent hepatic stellate cells 
promote liver regeneration through IL-6 and ligands of 
CXCR2. JCI Insight 2022;7:e158207. 

Collins SL, Stine JG, Bisanz JE et al. Bile acids and the gut 
microbiota: metabolic interactions and impacts on dis-
ease. Nat Rev Microbiol 2023;21:236–247. 

Conche C, Boulla G, Trautmann A et al. T cell adhesion primes 
antigen Receptor-Induced calcium responses through a 
transient rise in adenosine 3′,5′-cyclic monophosphate. 
Immunity 2009;30:33–43. 

Cyphert HA, Alonge KM, Ippagunta SM et al. Glucagon stim-
ulates hepatic FGF21 secretion through a PKA- and 
EPAC-dependent posttranscriptional mechanism. PLoS 
One 2014;9:e94996. 

Dahle MK, Myhre AE, Aasen AO et al. Effects of forskolin on 
Kupffer cell production of interleukin-10 and tumor 
necrosis factor alpha differ from those of endogenous 
adenylyl cyclase activators: possible role for adenylyl 
cyclase 9. Infect Immun 2005;73:7290–7296. 

Drucker DJ. The benefits of GLP-1 drugs beyond obesity. Science 
2024;385:258–260. 

De La Fuente M, Drummond J, Del Rio M et al. Modulation of 
murine peritoneal macrophage functions by gastrin. Pep-
tides (N.Y.) 1996;17:219–224. 

Delgado M, Abad C, Martinez C et al. Vasoactive intestinal pep-
tide in the immune system: potential therapeutic role in 
inflammatory and autoimmune diseases. J Mol Med 
2002;80:16–24. 

Dixit VD, Schaffer EM, Pyle RS et al. Ghrelin inhibits leptin- and 
activation-induced proinflammatory cytokine expression 
by human monocytes and T cells. J Clin Invest 2004;114: 
57–66. 

Drucker DJ. Expanding applications of therapies based on GLP1: 
incretin-based therapies. Nat Rev Endocrinol 2025;21:65–66. 

Emiliano Gómez Medellín J, M Ung TW, Wang T et al. Liver-
targeted allergen immunotherapy rapidly and safely 
induces antigen-specific tolerance to treat allergic airway 
disease in mice. Sci Transl Med 2025;17:eadl0406. 

Faas MM, de Vos P. Uterine NK cells and macrophages in preg-
nancy. Placenta 2017;56:44–52. 

Ferreira LMR, Meissner TB, Tilburgs T et al. HLA-G: at the inter-
face of maternal–fetal tolerance. Trends Immunol 2017;38: 
272–286. 

Fiorucci S, Biagioli M, Zampella A et al. Bile acids activated 
receptors regulate innate immunity. Front Immunol 2018;9 
:1853. 

Fiorucci S, Marchianò S, Distrutti E et al. Bile acids and their 
receptors in hepatic immunity. Liver Res 2025;9:1. 

Fiorucci S, Marchianò S, Urbani G et al. Immunology of bile 
acids regulated receptors. Prog Lipid Res 2024;95:101291. 

Fiorucci S, Zampella A, Ricci P et al. Immunomodulatory func-
tions of FXR. Mol Cell Endocrinol 2022;551:111650. 

Freedman NJ, Shenoy SK. Regulation of inflammation by β-ar-
restins: not just receptor tales. Cell Signal 2018;41:41–45. 

Friedrich M, Stoehr C, Jasinski-Bergner S et al. Characterization 
of the expression and immunological impact of the tran-
scriptional activator CREB in renal cell carcinoma. J Transl 
Med 2020;18:371. 

Fuchs CD, Trauner M. Role of bile acids and their receptors in 
gastrointestinal and hepatic pathophysiology. Nat Rev 
Gastroenterol Hepatol 2022;19:432–450. 

Gadaleta RM, Oldenburg B, Willemsen ECL et al. Activation of 
bile salt nuclear receptor FXR is repressed by pro-inflam-
matory cytokines activating NF-κB signaling in the intes-
tine. Biochim Biophys Acta 2011;1812:851–858. 

García C, Gine E, Aller MA et al. Multiple organ inflammatory 
response to portosystemic shunt in the rat. Cytokine 
2011;56:680–687. 

Gobin SJP, Biesta P, de Steenwinkel JEM et al. HLA-G transac-
tivation by cAMP-response element-binding protein 
(CREB). J Biol Chem 2002;277:39525–39531. 



Endocrine regulation of hepatic tolerance  |  417

Pr
ot

ei
n

 &
 C

el
l

Goto T, Herberman RB, Maluish A et al. Cyclic AMP as a medi-
ator of prostaglandin E-induced suppression of human 
natural killer cell activity. J Immunol 1983;130:1350–1355. 

Griffith BP, Grazioli A, Singh AK et al. Transplantation of a 
genetically modified porcine heart into a live human. Nat 
Med 2025;31:589–598. 

Guo C, Xie S, Chi Z et al. Bile acids control inflammation and 
metabolic disorder through inhibition of NLRP3 inflam-
masome. Immunity 2016;45:802–816. 

Guo L, Zheng Z, Ai J et al. Hepatic scavenger receptor BI pro-
tects against polymicrobial-induced sepsis through pro-
moting LPS clearance in mice. J Biol Chem 2014;289: 
14666–14673.

Hammoud R, Deep Kaur K, Koehler JA et al. Glucose-depen-
dent insulinotropic polypeptide receptor signaling allevi-
ates gut inflammation in mice. JCI insight 2024;10:e174825.  
doi.org/10.1172/jci.insight.174825

Hancock ML, Meyer RC, Mistry M et al. Insulin receptor asso-
ciates with promoters genome-wide and regulates gene 
expression. Cell 2019;177:722–736.e22. 

Horst AK, Neumann K, Diehl L et al. Modulation of liver toler-
ance by conventional and nonconventional antigen-pre-
senting cells and regulatory immune cells. Cell Mol 
Immunol 2016;13:277–292. 

Hu J, Wang C, Huang X et al. Gut microbiota-mediated second-
ary bile acids regulate dendritic cells to attenuate auto-
immune uveitis through TGR5 signaling. Cell Rep 2021;36: 
109726. 

Huang ST, Chen BB, Song ZJ et al. Unraveling the role of Epac1-
SOCS3 signaling in the development of neonatal-CRD-in-
duced visceral hypersensitivity in rats. CNS Neurosci Ther 
2022;28:1393–1408. 

Hussain MA, Daniel PB, Habener JF. Glucagon stimulates 
expression of the inducible cAMP early repressor and sup-
presses insulin gene expression in pancreatic β-cells. Dia-
betes 2000;49:1681–1690. 

Ichikawa R, Takano K, Fujimoto K et al. Robust increase in 
glucagon secretion after oral protein intake, but not after 
glucose or lipid intake in Japanese people without diabe-
tes. J Diabetes Investig 2023;14:1172–1174. 

Ichikawa R, Takayama T, Yoneno K et al. Bile acids induce 
monocyte differentiation toward interleukin-12 hypo-pro-
ducing dendritic cells via a TGR5-dependent pathway. 
Immunology 2012;136:153–162. 

Insuela DBR, Azevedo CT, Coutinho DS et al. Glucagon reduces 
airway hyperreactivity, inflammation, and remodeling 
induced by ovalbumin. Sci Rep 2019;9:6478. 

Insuela DBR, Ferrero MR, Gonçalves-de-Albuquerque CF et al. 
Glucagon reduces neutrophil migration and increases 
susceptibility to sepsis in diabetic mice. Front Immunol 
2021;12:633540. 

Jalan R, Olde Damink SWM, Ter Steege JC et al. Acute endotox-
emia following transjugular intrahepatic stent-shunt 
insertion is associated with systemic and cerebral vasodi-
latation with increased whole body nitric oxide production 
in critically ill cirrhotic patients. J Hepatol 2011;54: 
265–271. 

Janah L, Kjeldsen S, Galsgaard KD et al. Glucagon receptor 
signaling and glucagon resistance. Int J Mol Sci 2019;20:3314. 

Jasinski-Bergner S, Schmiedel D, Mandelboim O et al. Role of 
HLA-G in viral infections. Front Immunol 2022;13:826074. 

Jetten AM, Takeda Y, Slominski A et al. Retinoic acid-related 
orphan receptor γ (RORγ): connecting sterol metabolism 
to regulation of the immune system and autoimmune 
disease. Curr Opin Toxicol 2018;8:66–80. 

Ji L, Gao L, Xue H et al. Efficacy and safety of a biased GLP-1 
receptor agonist ecnoglutide in adults with overweight or 
obesity: a multicentre, randomised, double-blind, place-
bo-controlled, phase 3 trial. Lancet Diabetes Endocrinol 
2025;13:777–789. 

Jiang H, Betancourt L, Smith RG. Ghrelin amplifies dopamine 
signaling by cross talk involving formation of growth hor-
mone secretagogue receptor/dopamine receptor subtype 
1 heterodimers. Mol Endocrinol 2006;20:1772–1785. 

Jin D, Lu T, Ni M et al. Farnesoid X receptor activation protects 
liver from ischemia/reperfusion injury by up-regulating 
small heterodimer partner in Kupffer cells. Hepatol Com-
mun 2020;4:540–554. 

Jin X, Cui L, Zhao W et al. Decidualization-derived cAMP reg-
ulates phenotypic and functional conversion of decidual 
NK cells from CD56dimCD16− NK cells. Cell Mol Immunol 
2021;18:1596–1598. 

Kahles F, Meyer C, Diebold S et al. Glucose-dependent insuli-
notropic peptide secretion is induced by inflammatory 
stimuli in an interleukin-1-dependent manner in mice. 
Diabetes Obes Metab 2016;18:1147–1151. 

Kakeji Y, Morita M, Maehara Y. Strategies for treating liver 
metastasis from gastric cancer. Surg Today 2010;40: 
287–294. 

Kanda N, Watanabe S. Regulatory roles of adenylate cyclase 
and cyclic nucleotide phosphodiesterases 1 and 4 in inter-
leukin-13 production by activated human T cells. Biochem 
Pharmacol 2001;62:495–507. 

Kankanamge D, Tennakoon M, Karunarathne A et al. G protein 
gamma subunit, a hidden master regulator of GPCR sig-
naling. J Biol Chem 2022;298:102618. 

Kee TR, Khan SA, Neidhart MB et al. The multifaceted func-
tions of β-arrestins and their therapeutic potential in neu-
rodegenerative diseases. Exp Mol Med 2024;56:129–141. 

Keränen T, Hömmö T, Hämäläinen M et al. Anti-inflammatory 
effects of β2-receptor agonists salbutamol and terbutaline 
are mediated by MKP-1. PLoS One 2016;11:e0148144. 

Kise R, Inoue A. GPCR signaling bias: an emerging framework 
for opioid drug development. J Biochem 2024;175:367–376. 

Kistner TM, Pedersen BK, Lieberman DE. Interleukin 6 as an 
energy allocator in muscle tissue. Nat Metab 2022;4: 
170–179. 

Klein M, Vaeth M, Scheel T et al. Repression of cyclic adenosine 
monophosphate upregulation disarms and expands 
human regulatory T cells. J Immunol 2012;188:1091–1097. 

Koh WS, Lee M, Yang KH et al. Expression of functional gluca-
gon receptors on lymphoid cells. Life Sci 1996;58:741–751. 

Kurashina T, Dezaki K, Yoshida M et al. The β-cell GHSR and 
downstream cAMP/TRPM2 signaling account for 

https://doi.org/10.1172/jci.insight.174825


418  |  van Niekerk et al.

Pr
ot

ei
n

 &
 C

el
l

insulinostatic and glycemic effects of ghrelin. Sci Rep 
2015;5:14041. 

Lau CL, Beller JP, Boys JA et al. Adenosine A2A receptor agonist 
(regadenoson) in human lung transplantation. J Heart 
Lung Transplant 2020;39:563–570. 

Lefkimmiatis K, Zaccolo M. CAMP signaling in subcellular 
compartments. Pharmacol Ther 2014;143:295–304. 

Levite M. Dopamine and T cells: dopamine receptors and 
potent effects on T cells, dopamine production in T cells, 
and abnormalities in the dopaminergic system in T cells 
in autoimmune, neurological and psychiatric diseases. 
Acta Physiol (Oxf) 2016;216:42–89. 

Li J. y, Wang N, Khoso MH et al. FGF-21 elevated IL-10 produc-
tion to correct LPS-induced inflammation. Inflammation 
2018;41:751–759. 

Li S, Ni Z, Cong B et al. CCK-8 inhibits LPS-induced IL-1β 
production in pulmonary interstitial macrophages by 
modulating PKA, p38, and NF-κB pathway. Shock 2007;27: 
678–686. 

Lichtenauer-Kaligis EGR, Van Hagen PM, Lamberts SWJ et al. 
Somatostatin receptor subtypes in human immune cells. 
Eur J Endocrinol 2000;143 Suppl 1:S21–S25. 

Limmer A, Ohl J, Kurts C et al. Efficient presentation of exog-
enous antigen by liver endothelial cells to CD8+ T cells 
results in antigen-specific T-cell tolerance. Nat Med 2000;6: 
1348–1354. 

Limon JJ, Fruman DA. Akt and mTOR in B cell activation and 
differentiation. Front Immunol 2012;3:228. 

Lin A, Yan WH. HLA-G/ILTs targeted solid cancer immunother-
apy: opportunities and challenges. Front Immunol 2021;12: 
698677. 

Lindner S, Miltiadous O, Ramos RJF et al. Altered microbial bile 
acid metabolism exacerbates T cell-driven inflammation 
during graft-versus-host disease. Nat Microbiol 2024;9: 
614–630. 

Liu J, Du S, Kong Q et al. HSPA12A attenuates lipopolysaccha-
ride-induced liver injury through inhibiting caspase- 
11-mediated hepatocyte pyroptosis via PGC-1α-depen-
dent acyloxyacyl hydrolase expression. Cell Death Differ 
2020;27:2651–2667. 

Liu Y, Chang CCH, Marsh GM et al. Population attributable risk 
of aflatoxin-related liver cancer: systematic review and 
meta-analysis. Eur J Cancer 2012;48:2125–2136. 

Londoño M-C, Rimola A, O'Grady J et al. Immunosuppression 
minimization vs. complete drug withdrawal in liver trans-
plantation. J Hepatol 2013;59:872–879. 

Loomba R, Hartman ML, Lawitz EJ et al.; SYNERGY-NASH Inves-
tigators. Tirzepatide for metabolic dysfunction-associated 
steatohepatitis with liver fibrosis. N Engl J Med 2024;391: 
299–310. 

Lv S, Li J, Qiu X et al. A negative feedback loop of ICER and 
NF-κB regulates TLR signaling in innate immune 
responses. Cell Death Differ 2017;24:492–499. 

Ma C, Han M, Heinrich B et al. Gut microbiome-mediated bile 
acid metabolism regulates liver cancer via NKT cells. 
Science 2018;360:eaan5931. 

Ma S, Patel SA, Abe Y et al. RORγt phosphorylation protects 
against T cell-mediated inflammation. Cell Rep 2022;38: 
110520. 

Macnaughtan J, Mookerjee RP, van der Merwe S et al. Lipopoly-
saccharide-induced neutrophil dysfunction following tran-
sjugular intrahepatic portosystemic stent shunt (TIPSS) 
insertion is associated with organ failure and mortality. Sci 
Rep 2017;7:40157. 

Mantelmacher FD, Zvibel I, Cohen K et al. GIP regulates inflam-
mation and body weight by restraining myeloid-cell-de-
rived S100A8/A9. Nat Metab 2019;1:58–69. 

Martin MC, Dransfield I, Haslett C et al. Cyclic AMP regulation 
of neutrophil apoptosis occurs via a novel protein kinase 
A-independent signaling pathway. J Biol Chem 2001;276: 
45041–45050. 

Marx N, Husain M, Lehrke M et al. GLP-1 receptor agonists for 
the reduction of atherosclerotic cardiovascular risk in 
patients with type 2 diabetes. Circulation 2022;146: 
1882–1894. 

Mathur N, Mehdi SF, Anipindi M et al. Ghrelin as an anti-sepsis 
peptide: review. Front Immunol 2020;11:610363. 

Mayendraraj A, Rosenkilde MM, Gasbjerg LS. GLP-1 and GIP 
receptor signaling in beta cells—a review of receptor 
interactions and co-stimulation. Peptides 2022;151:170749. 

McCarthy O, Schmidt S, Christensen MB et al. The endocrine 
pancreas during exercise in people with and without type 
1 diabetes: beyond the beta-cell. Front Endocrinol 2022;13 
:981723. 

Minami Y, Hoshino A, Higuchi Y et al. Liver lipophagy amelio-
rates nonalcoholic steatohepatitis through extracellular 
lipid secretion. Nat Commun 2023;14:4084. 

Miyamoto Y, Kikuta J, Matsui T et al. Periportal macrophages 
protect against commensal-driven liver inflammation. 
Nature 2024;629:901–909. 

Mongillo M, Tocchetti CG, Terrin A et al. Compartmentalized 
phosphodiesterase-2 activity blunts β-adrenergic cardiac 
inotropy via an NO/cGMP-dependent pathway. Circ Res 
2006;98:226–234. 

Mueller M, Thorell A, Claudel T et al. Ursodeoxycholic acid 
exerts farnesoid X receptor-antagonistic effects on bile 
acid and lipid metabolism in morbid obesity. J Hepatol 
2015;62:1398–1404. 

Murtha-Lemekhova A, Fuchs J, Ghamarnejad O et al. Influence 
of cytokines, circulating markers and growth factors on 
liver regeneration and post-hepatectomy liver failure: a 
systematic review and meta-analysis. Sci Rep 2021;11:13739. 

Naseem S, Hussain T, Manzoor S. Interleukin-6: a promising 
cytokine to support liver regeneration and adaptive 
immunity in liver pathologies. Cytokine Growth Factor Rev 
2018;39:36–45. 

Nash D, Hughes MG, Butcher L et al. IL-6 signaling in acute 
exercise and chronic training: potential consequences for 
health and athletic performance. Scand J Med Sci Sports 
2023;33:4–19. 

Navarro VJ, Khan I, Björnsson E et al. Liver injury from herbal 
and dietary supplements. Hepatology 2017;65:363–373. 

Negroni A, Fiaschini N, Palone F et al. Intestinal inflammation 
alters the expression of hepatic bile acid receptors caus-
ing liver impairment. J Pediatr Gastroenterol Nutr 2020;71: 
189–196. 

Packer M, Zile MR, Kramer CM et al.; SUMMIT Trial Study 
Group. Interplay of chronic kidney disease and the effects 



Endocrine regulation of hepatic tolerance  |  419

Pr
ot

ei
n

 &
 C

el
l

of tirzepatide in patients with heart failure, preserved 
ejection fraction, and obesity: the SUMMIT trial. J Am Coll 
Cardiol 2025;85:1721–1735. 

Parry GC, Mackman N. Role of cyclic AMP response element- 
binding protein in cyclic AMP inhibition of NF-kappaB-me-
diated transcription. J Immunol 1997;159:5450–5456. 

Perez-Aso M, Montesinos MC, Mediero A et al. Apremilast, a 
novel phosphodiesterase 4 (PDE4) inhibitor, regulates 
inflammation through multiple cAMP downstream effec-
tors. Arthritis Res Ther 2015;17:249. 

Piper SJ, Deganutti G, Lu J et al. Understanding VPAC receptor 
family peptide binding and selectivity. Nat Commun 
2022;13:7013. 

Powell JD, Pollizzi KN, Heikamp EB et al. Regulation of immune 
responses by mTOR. Annu Rev Immunol 2012;30:39–68. 

Pozo D, Delgado M, Martínez C et al. Immunobiology of 
vasoactive intestinal peptide (VIP). Immunol Today 2000;21: 
7–11. 

Prado CM, Phillips SM, Gonzalez MC et al. Muscle matters: the 
effects of medically induced weight loss on skeletal mus-
cle. Lancet Diabetes Endocrinol 2024;12:785–787. 

Protzer U, Maini MK, Knolle PA. Living in the liver: hepatic 
infections. Nat Rev Immunol 2012;12:201–213. 

Pujadas G, Varin EM, Baggio LL et al. The gut hormone receptor 
GIPR links energy availability to the control of hemato-
poiesis. Mol Metab 2020;39:101008. 

Rafei H, Basar R, Acharya S et al. CREM is a regulatory check-
point of CAR and IL-15 signalling in NK cells. Nature 
2025;643:1076–1086. 

Raker VK, Becker C, Steinbrink K. The cAMP pathway as ther-
apeutic target in autoimmune and inflammatory dis-
eases. Front Immunol 2016;7:123. 

Rakipovski G, Rolin B, Nøhr J et al. The GLP-1 analogs liraglu-
tide and semaglutide reduce atherosclerosis in ApoE−/− 
and LDLr−/− mice by a mechanism that includes 
inflammatory pathways. JACC Basic Transl Sci 2018;3: 
844–857. 

Rasheed H, Xu Y, Kimanya ME et al. Estimating the health 
burden of aflatoxin attributable stunting among chil-
dren in low income countries of Africa. Sci Rep 2021; 
11:1619. 

Rebuffet L, Melsen JE, Escalière B et al. High-dimensional sin-
gle-cell analysis of human natural killer cell heterogene-
ity. Nat Immunol 2024;25:1474–1488. 

Reitman ML. FGF21: a missing link in the biology of fasting. 
Cell Metab 2007;5:405–407. 

Ren Q, Sun Q, Fu J. Dysfunction of autophagy in high-fat 
diet-induced non-alcoholic fatty liver disease. Autophagy 
2024;20:221–241. 

Rindi G, Civallero M, Candusso ME et al. Sudden onset of colitis 
after ablation of secretin-expressing lymphocytes in trans-
genic mice. Exp Biol Med (Maywood) 2004;229:826–834. 

Ripoll L, Li Y, Dessauer CW et al. Spatial organization of ade-
nylyl cyclase and its impact on dopamine signaling in 
neurons. Nat Commun 2024;15:8297.

Robinson MW, Harmon C, O'Farrelly C. Liver immunology and 
its role in inflammation and homeostasis. Cell Mol Immunol 
2016;13:267–276.

Rodriguez R, Hergarden A, Krishnan S et al. Biased agonism 
of GLP-1R and GIPR enhances glucose lowering and 
weight loss, with dual GLP-1R/GIPR biased agonism yield-
ing greater efficacy. Cell Rep Med 2025;6:102156. 

Rose-John S, Jenkins BJ, Garbers C et al. Targeting IL-6 trans-
signalling: past, present and future prospects. Nat Rev 
Immunol 2023;23:666–681. 

Sands WA, Woolson HD, Milne GR et al. Exchange protein acti-
vated by cyclic AMP (Epac)-mediated induction of sup-
pressor of cytokine signaling 3 (SOCS-3) in vascular 
endothelial cells. Mol Cell Biol 2006;26:6333–6346. 

Sanin DE, Prendergast CT, Mountford AP. IL-10 production in 
macrophages is regulated by a TLR-driven CREB-medi-
ated mechanism that is linked to genes involved in cell 
metabolism. J Immunol 2015;195:1218–1232. 

Sanyal AJ, Kaplan LM, Frias JP et al. Triple hormone receptor 
agonist retatrutide for metabolic dysfunction-associated 
steatotic liver disease: a randomized phase 2a trial. Nat 
Med 2024;30:2037–2048. 

Scheibner KA, Boodoo S, Collins S et al. The adenosine A2a 
receptor inhibits matrix-induced inflammation in a novel 
fashion. Am J Respir Cell Mol Biol 2009;40:251–259. 

Schillace RV, Miller CL, Pisenti N et al. A-kinase anchoring in 
dendritic cells is required for antigen presentation. PLoS 
One 2009;4:e4807. 

Schmidt-Arras D, Rose-John S. IL-6 pathway in the liver: from 
physiopathology to therapy. J Hepatol 2016;64:1403–1415. 

Schneider A, Wood HN, Geden S et al. Growth hormone-me-
diated reprogramming of macrophage transcriptome and 
effector functions. Sci Rep 2019;9:19348. 

Schölmerich J, Becher M‐S, Schmidt K et al. Influence of hydrox-
ylation and conjugation of bile salts on their membrane‐
damaging properties‐studies on isolated hepatocytes and 
lipid membrane vesicles. Hepatology 1984;4:661–666. 

Schulz S, Schmitt S, Wimmer R et al. Progressive stages of 
mitochondrial destruction caused by cell toxic bile salts. 
Biochim Biophys Acta 2013;1828:2121–2133. 

Seok S, Fu T, Choi S-E et al. Transcriptional regulation of auto-
phagy by an FXR-CREB axis. Nature 2014;516:108–111.

Shetty S, Lalor PF, Adams DH. Liver sinusoidal endothelial 
cells—gatekeepers of hepatic immunity. Nat Rev Gastro-
enterol Hepatol 2018;15:555–567. 

Sinclair EM, Yusta B, Streutker C et al. Glucagon receptor sig-
naling is essential for control of murine hepatocyte sur-
vival. Gastroenterology 2008;135:2096–2106. 

Sipka S, Bruckner G. The immunomodulatory role of bile acids. 
Int Arch Allergy Immunol 2014;165:1–8. 

Sirianni MC, Annibale B, Tagliaferri F et al. Modulation of 
human natural killer activity by vasoactive intestinal pep-
tide (VIP) family. VIP, glucagon and GHRF specifically 
inhibit NK activity. Regul Pept 1992;38:79–87. 

Slaaby R. Specific insulin/IGF1 hybrid receptor activation 
assay reveals IGF1 as a more potent ligand than insulin. 
Sci Rep 2015;5:7911. 

Somvanshi RK, War SA, Chaudhari N et al. Receptor specific 
crosstalk and modulation of signaling upon heterodi-
merization between β1-adrenergic receptor and soma-
tostatin receptor-5. Cell Signal 2011;23:794–811. 



420  |  van Niekerk et al.

Pr
ot

ei
n

 &
 C

el
l

Song X, Sun X, Oh SF et al. Microbial bile acid metabolites 
modulate gut RORγ+ regulatory T cell homeostasis. Nature 
2020;577:410–415. 

Steinberg CEW, Steinberg CEW. Arms race between plants and 
animals: biotransformation system. Stress Ecol 2012;61–106. 

Su W, Chen X, Zhu W et al. The cAMP–adenosine feedback loop 
maintains the suppressive function of regulatory T cells. 
J Immunol 2019;203:1436–1446. 

Sun L, Li F, Tan W et al. Lithocholic acid promotes skeletal 
muscle regeneration through the TGR5 receptor. Acta Bio-
chim Biophys Sin (Shanghai) 2023;55:51–61. 

Svendsen B, Larsen O, Gabe MBN et al. Insulin secretion 
depends on intra-islet glucagon signaling. Cell Rep 2018;25: 
1127–1134.e2. 

Tan J, Virtue S, Norris DM et al. Limited oxygen in standard 
cell culture alters metabolism and function of differen-
tiated cells. EMBO J 2024;43:2127–2165. 

Taner T, Heimbach JK, Rosen CB et al. Decreased chronic cel-
lular and antibody-mediated injury in the kidney follow-
ing simultaneous liver-kidney transplantation. Kidney Int 
2016;89:909–917. 

Tao X, Mei F, Agrawal A et al. Blocking of exchange proteins 
directly activated by cAMP leads to reduced replication 
of Middle East respiratory syndrome coronavirus. J Virol 
2014;88:3902–3910. 

Tavares LP, Negreiros-Lima GL, Lima KM et al. Blame the sig-
naling: role of cAMP for the resolution of inflammation. 
Pharmacol Res 2020;159:105030. 

Tsai S, Clemente-Casares X, Zhou AC et al. Insulin receptor-
mediated stimulation boosts T cell immunity during 
inflammation and infection. Cell Metab 2018;28:922–934.e4. 

Uutela A, Nordin A, Osterlund E et al.; the RAXO Study Group. 
Resectability and resection rates of colorectal liver metas-
tases according to RAS and BRAF mutational status: pro-
spective study. Br J Surg 2023;110:931–935. 

Vaeth M, Gogishvili T, Bopp T et al. Regulatory T cells facilitate 
the nuclear accumulation of inducible cAMP early repres-
sor (ICER) and suppress nuclear factor of activated T cell 
c1 (NFATc1). Proc Natl Acad Sci USA 2011;108:2480–2485. 

van Niekerk G, Christowitz C, Conradie D et al. Insulin as an 
immunomodulatory hormone. Cytokine Growth Factor Rev 
2020;52:34–44. 

van Niekerk G, Coelmont L, Alpizar YA et al. GLP-1R agonist 
therapy and vaccine response: neglected implications. 
Cytokine Growth Factor Rev 2024;78:14–24. 

van Niekerk G, Fevery J, Dallmeier K. Beyond metabolic ben-
efits: the underexplored immunomodulatory effects of 
GLP-1/glucagon agonists. J Hepatol 2025;83:e119–e120. 

van Niekerk G, Kelchtermans L, Broeckhoven E et al. Chole-
cystokinin and gastrin as immune modulating hormones: 
implications and applications. Cytokine Growth Factor Rev 
2024;80:37–46. 

Van Niekerk G, Meaker C, Engelbrecht AM. Nutritional support 
in sepsis: when less may be more. Crit Care 2020;24:1–6. 

Wang HY, Jiang X, Gozes I et al. Vasoactive intestinal peptide 
inhibits cytokine production in T lymphocytes through 
cAMP-dependent and cAMP-independent mechanisms. 
Regul Pept 1999;84:55–67. 

Wang N, Li JY, Zhao T. T et al. FGF-21 plays a crucial role in the 
glucose uptake of activated monocytes. Inflammation 
2018;41:73–80. 

Wang S, Song R, Wang Z et al. S100A8/A9 in inflammation. 
Front Immunol 2018;9:1298. 

Wang WF, Ma L, Liu MY et al. A novel function for fibroblast 
growth factor 21: stimulation of NADPH oxidase-depen-
dent ROS generation. Endocrine 2015;49:385–395. 

Wang X, Cao L, Liu S et al. The critical roles of IGFs in immune 
modulation and inflammation. Cytokine 2024;183:156750. 

Wang XF, Song S. D, Li Y. J et al. Protective effect of quercetin 
in LPS-induced murine acute lung injury mediated by 
cAMP-Epac pathway. Inflammation 2018;41:1093–1103. 

Warrilow A, Turner M, Naumovski N et al. Role of cholecysto-
kinin in satiation: a systematic review and meta-analysis. 
Br J Nutr 2023;129:2182–2190. 

Wong TW, Gandhi MJ, Daly RC et al. Liver allograft provides 
immunoprotection for the cardiac allograft in combined 
heart–liver transplantation. Am J Transplant 2016;16: 
3522–3531. 

Xie J, Ponuwei GA, Moore CE et al. CAMP inhibits mammalian 
target of rapamycin complex-1 and -2 (mTORC1 and 2) 
by promoting complex dissociation and inhibiting mTOR 
kinase activity. Cell Signal 2011;23:1927–1935. 

Xu S, Deng KQ, Lu C et al. Interleukin-6 classic and trans-
signaling utilize glucose metabolism reprogramming to 
achieve anti- or pro-inflammatory effects. Metabolism 
2024;155:155832. 

Yang X, Chen H, Shen W et al. FGF21 modulates immunomet-
abolic homeostasis via the ALOX15/15-HETE axis in early 
liver graft injury. Nat Commun 2024;15:8578. 

Yu HB, Yang H, Allaire JM et al. Vasoactive intestinal peptide 
promotes host defense against enteric pathogens by mod-
ulating the recruitment of group 3 innate lymphoid cells. 
Proc Natl Acad Sci USA 2021;118:e2106634118. 

Zeng Q, Ou L, Wang W et al. Gastrin, cholecystokinin, signal-
ing, and biological activities in cellular processes. Front 
Endocrinol (Lausanne) 2020;11:112. 

Zhang B, Xue L, Wu ZB. Structure and function of somatosta-
tin and its receptors in endocrinology. Endocr Rev 2025;46: 
26–42. 

Zhang JG, Liu JX, Jia XX et al. Cholecystokinin octapeptide 
regulates the differentiation and effector cytokine pro-
duction of CD4+ T cells in vitro. Int Immunopharmacol 
2014;20:307–315. 

Zhang P, Li X, Liang J et al. Chenodeoxycholic acid modulates 
cholestatic niche through FXR/myc/P-selectin axis in liver 
endothelial cells. Nat Commun 2025;16:2093. 

Zhang XX, Qiao Y. C, Li W et al. Human amylin induces  
CD4+Foxp3+ regulatory T cells in the protection from auto-
immune diabetes. Immunol Res 2018;66:179–186. 

Zhang Z, Zhu L, Quan D et al. Pattern of liver, kidney, heart, 
and intestine allograft rejection in different mouse strain 
combinations. Transplantation 1996;62:1267–1272. 

Zhao W, Han S, Qiu N et al. Structural insights into ligand 
recognition and selectivity of somatostatin receptors. Cell 
Res 2022;32:761–772. 



Endocrine regulation of hepatic tolerance  |  421

Pr
ot

ei
n

 &
 C

el
l

© The Author(s) 2025. Published by Oxford University Press on behalf of Higher Education Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. Protein & Cell 2026 17(5) 399–420
https://doi.org/10.1093/procel/pwaf096 
Review Article 

https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1093/procel/pwaf096

	Active Content List
	Introduction
	Why the liver needs to be tolerogenic
	Postprandial reabsorbed bile acids
	Gastric peptide hormones as immune modulators
	Entero-pancreatic endocrine factors signalling via cAMP
	cAMP-mediated immune tolerance in the liver
	cAMP signalling specificity and complexity
	Immunoendocrinology beyond postprandial cAMP signalling
	Implications
	Author contributions
	Funding
	Consent for publication


