
Citation: Roy, S.; Saha, P.; Bose, D.;

Trivedi, A.; More, M.; Xiao, S.; Diehl,

A.M.; Chatterjee, S. Hepatic

NLRP3-Derived Hsp70 Binding to

TLR4 Mediates MASLD to MASH

Progression upon Inhibition of PP2A

by Harmful Algal Bloom Toxin

Microcystin, a Second Hit. Int. J. Mol.

Sci. 2023, 24, 16354. https://doi.org/

10.3390/ijms242216354

Academic Editor: Sara Ceccarelli

Received: 12 October 2023

Revised: 13 November 2023

Accepted: 13 November 2023

Published: 15 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Hepatic NLRP3-Derived Hsp70 Binding to TLR4 Mediates
MASLD to MASH Progression upon Inhibition of PP2A by
Harmful Algal Bloom Toxin Microcystin, a Second Hit
Subhajit Roy 1, Punnag Saha 1 , Dipro Bose 1, Ayushi Trivedi 1, Madhura More 1, Shuo Xiao 2, Anna Mae Diehl 3

and Saurabh Chatterjee 1,4,*

1 Environmental Health and Disease Laboratory, Department of Environmental and Occupational Health,
Program in Public Health, Susan and Henry Samueli College of Health Sciences, University of California,
Irvine, CA 92697, USA; subhajr@uci.edu (S.R.); punnags@uci.edu (P.S.); diprob@uci.edu (D.B.);
aktrived@uci.edu (A.T.)

2 Department of Pharmacology and Toxicology, Ernest Mario School of Pharmacy, Rutgers University,
Piscataway, NJ 08854, USA; sx106@pharmacy.rutgers.edu

3 Division of Gastroenterology, Department of Medicine, Duke University, Durham, NC 27710, USA;
diehl004@mc.duke.edu

4 Division of Infectious Diseases, School of Medicine, University of California, Irvine, CA 92697, USA
* Correspondence: saurabhc@hs.uci.edu

Abstract: Harmful algal bloom toxin microcystin has been associated with metabolic dysfunction-
associated steatotic liver disease (MASLD) progression and hepatocellular carcinoma, though the
mechanisms remain unclear. Using an established mouse model of MASLD, we show that the
NLRP3–Hsp70–TLR4 axis drives in part the inflammation of the liver lobule that results in the
progression of MASLD to metabolic dysfunction-associated steatohepatitis (MASH). Results showed
that mice deficient in NLRP3 exhibited decreased MASH pathology, blocked Hsp70 expression, and
co-binding with NLRP3, a crucial protein component of the liver inflammasome. Hsp70, both in the
liver lobule and extracellularly released in the liver vasculature, acted as a ligand to TLR4 in the liver,
primarily in hepatocytes to activate the NF-κB pathway, ultimately leading to hepatic cell death and
necroptosis, a crucial pathology of MASH progression. The above studies show a novel insight into
an inflammasome-triggered Hsp70-mediated inflammation that may have broader implications in
MASLD pathology. MASLD to MASH progression often requires multiple hits. One of the mediators
of progressive MASLD is environmental toxins. In this research report, we show for the first time a
novel mechanism where microcystin-LR, an environmental toxin, advances MASLD to MASH by
triggering the release of Hsp70 as a DAMP to activate TLR4-induced inflammation in the liver.

Keywords: MASLD; microcystin; inflammasome; NLRP3; necroptosis; heat shock protein

1. Introduction

Globally, the spectrum of metabolic dysfunction-associated steatotic liver disease
(MASLD) related illness is steadily rising; about 38% of the adult population suffers
from it [1–3]. MASLD has emerged as a significant public health concern due to its high
prevalence and strong association with environmental and genetic factors [4–7]. The
progression of nonalcoholic steatohepatitis (NASH), now known as metabolic dysfunction-
associated steatohepatitis (MASH), follows a multi-hit hypothesis, where exposure to
environmental contaminants acts as a secondary hit, exacerbating MASLD and promoting
its progression to MASH and liver fibrosis [6,8]. The progression involves a complex
interplay of various mechanisms. Initially, either leptin resistance or insulin resistance
leads to fat accumulation in the liver (steatosis), and the subsequent hit involves oxidative
stress, Kupffer cell activation, proinflammatory responses, and fibrogenesis. The multiple
parallel hits hypothesis suggests that oxidative stress, inflammation, lipotoxicity, and
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insulin resistance are key contributors. Hepatocellular injury is triggered by oxidative
stress, resulting from an imbalance between reactive oxygen species and antioxidants [9–12].
Inflammation is driven by immune cells and proinflammatory cytokines, contributing to
further liver damage, and lipotoxicity occurs due to the toxic accumulation of lipids in
liver cells, leading to dysfunction and cell death [13,14]. Insulin resistance worsens these
processes, promoting lipid buildup, inflammation, and fibrosis [15].

Epidemiological studies have shown that exposure to harmful algal blooms and the
concomitant release of microcystins are strongly associated with hepatocellular carcinoma
and MASLD development [16,17]. Recent cyanobacterial blooms have raised concerns
as they release protein phosphatase 2A (PP2A) inhibitors like microcystin-LR (MC-LR),
posing a significant threat to individuals with MASLD [18]. Mechanistically, MC-LR acts
as a protein phosphatase inhibitor, particularly targeting Ser/Thr protein phosphatase
1 (PP1) and protein phosphatase 2A (PP2A) by inhibiting the catalytic activities of the
enzymes [19,20]. PP2A is a family of Ser/Thr phosphatases composed of the catalytic C
subunit and regulatory A subunit that is often associated with B-type subunits [21]. The
precise role of B-type subunits in controlling pathological processes in the liver remains
elusive [22]. Liver-specific knockouts of the PP2A gene have demonstrated decreased
lipid deposition (steatosis) [23]. Inhibiting PP2A and decreasing steatosis may provide
insights into the role of PP2A in MASLD, particularly in the presence of environmental
factors like MC-LR. Primarily, PP2A is responsible for maintaining cellular homeostasis,
including regulating the cell cycle, cellular development, tumor suppression, and signal
transduction [22]. MC-LR binds covalently to the catalytic subunit of PP2A, leading to a
decrease in its catalytic activity [21]. The diminished catalytic activity of PP2A disrupts
normal cellular activities and signaling pathways. Previous studies have elucidated the
role of the PP2A inhibitor, MC-LR, in inducing oxidative stress, ER stress, autophagy,
apoptosis, pyroptosis, and necroptosis in the context of hepatic tissue injury, cell death,
and survival decisions [24]. In the context of MASLD, inhibiting PP2A is associated with
worsening of liver injury. Recent studies examined the protective role of PP2A in liver
pathology and its correlation with disease progression [25]. Interestingly, the roles of PP2A
inhibition are diverse, with some studies showing that PP2A inhibitors like okadaic acid
can restore AMPK phosphorylation in alcoholic fatty liver disease [26], while inhibitors
like Imipramine and LB100 attenuate liver injury in both alcoholic and non-alcoholic liver
diseases [27,28]. Thus, further studies that focus on the mechanisms are needed to explore
the role of exogenous PP2A inhibitors such as MC-LR.

In our previous studies, we observed that the activation of nucleotide-binding domain-
like receptor protein 3 (NLRP3) plays a significant role in triggering the inflammatory
responses in the MASLD condition upon exposure to the PP2A inhibitor, MC-LR [29]. The
NLRP3 inflammasome comprises various proteins located within a single complex [30].
It consists of the cytoplasmic receptor NLRP3, acting as the sensor molecule for the in-
flammasome, the adaptor protein ASC2 (caspase-recruitment domain apoptosis-associated
speck-like protein containing a CARD 2), and the effector protein pro-caspase-1. In the
activated stage, these components assemble and bring multiple pro-caspase subunits into
proximity. Subsequently, the pro-caspase-1 molecules within the cytosolic multimolecu-
lar complexes cleave themselves, releasing the mature or active form of caspase-1. This
activated caspase-1 further cleaves pro-interleukin-1β (pro-IL-1β) and pro-interleukin-18
(pro-IL-18) into their mature interleukin forms IL-1β and IL-18, which are then released
into the system [27–29].

The role of heat shock proteins (HSPs) in immune responses, inflammatory events,
and immunomodulation has been extensively investigated [31,32]. These proteins have
shown their ability to modulate various inflammasomes, including NLRP3 [33]. The
significance of HSPs has also been explored in the context of non-alcoholic fatty liver
disease (MASLD) and protein phosphatase 2A (PP2A) inhibition [34–36]. Among them,
heat shock protein 70 (Hsp70) has emerged as a crucial player in antigen presentation, T-cell
priming, and immune response [37–39]. It is worth noting that Hsp70 exists in two distinct
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forms, intracellular and extracellular [40]. Intracellular Hsp70 has been reported to regulate
inflammation, while the extracellular form exhibits inflammatory properties [41]. When
released into the extracellular environment, Hsp70 acts as a Damage Associated Molecular
Pattern (DAMP), triggering inflammatory responses [42,43]. The function of Hsp70 as a
toll-like receptor 4 (TLR4) ligand has been well-documented in various studies [44,45].
TLR4 is known for its role in activating the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) pathway, which involves the phosphorylation and nuclear
import of the active NF-κB complex, leading to enhanced transcription of genes related
to immune response and inflammation [42,46]. In hepatocytes, the functional attributes
of TLR4 have been extensively studied in models of hepatic injury and MASH [47,48].
Importantly, the Hsp70–TLR4 axis has been shown to activate NF-κB downstream [44].
Furthermore, Hsp70 has been shown to physically interact with NLRP3, thereby influencing
its activation status [33,41]. Importantly, in the context of MASLD, the anti-inflammatory
functions of intracellular Hsp70 seem to be compromised [49]. Additionally, it has been
observed that PP2A inhibitors can upregulate the expression of Hsp70 [50] and activates
the NF-κB pathway [51]. Importantly, NLRP3 could serve to determine the Hsp70 secretion
in various tumors in conferring robust immune response mediated by the NLRP3–Hsp70–
TLR4 axis [45,52]. However, the context of Hsp70 production to its release and concomitant
mechanisms of extracellular Hsp70 in conferring inflammatory responses remain poorly
understood in the context of MASLD and PP2A inhibition following exposures to harmful
algal bloom toxins.

Therefore, our study aimed to investigate the NLRP3–Hsp70–TLR4 axis, the mecha-
nistic relationship between NLRP3 and Hsp70–TLR4 interaction in the liver upon PP2A
inhibitor exposure with underlying conditions of MASLD, and to validate the findings
by using NLRP3 knockout mice and in vitro studies. This study may serve as an impor-
tant mechanistic insight into the progression of MASLD to MASH and have subsequent
implications in various MASH etiologies.

2. Results
2.1. NLRP3 Knockout (KO) Alleviated the Pathophysiology of MASLD to MASH Progression
upon PP2A Inhibition

A comparative analysis revealed significant aggravation of the liver pathophysiology
in the MASLD + PP2A inhibitor group when compared to MASLD control or chow-fed mice
exposed to the PP2A inhibitor (Chow + PP2A Inhibitor) (Figure 1; p < 0.001). Past studies
from our lab indicated that activation of the NLRP3 inflammasome causes significant
inflammation in the liver and brain tissue of the MASLD/MASH mouse models [7]. In
this section, the involvement of the NLRP3 inflammasome in the hepatic inflammation
and tissue injury was investigated in terms of PP2A inhibitor-induced exacerbation of
the MASLD pathology using a transgenic mice group devoid of the NLRP3 gene (NLRP3
KO MASLD + PP2A inhibitor). Immunohistochemistry was performed on liver tissue
sections to assess the expression of Kupffer cell activation marker CD68, fibrotic liver
damage marker α-SMA, and proinflammatory cytokine IL-1β. The highest level of hepatic
injury was observed in the MASLD + PP2A inhibitor group compared to other groups
(Figure 1; p < 0.001). The results showed a significant decrease in the amount of Kupffer cell
activation (Figure 1A,B; p < 0.001), fibrosis (Figure 1C,D; p < 0.001), and IL-1β (Figure 1E,F;
p < 0.001) levels in the NLRP3 KO MASLD + PP2A inhibitor group compared to the highest
reactive MASLD + PP2A inhibitor group. More than a five-fold decrease in the CD68
immunoreactivity was observed in the absence of NLRP3 protein (Figure 1A,B; p < 0.001),
and a similar trend was noted in fibrosis profile and IL-1β release (Figure 1C–F; p < 0.001).
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Figure 1. NLRP3 Knockout (KO) alleviates the pathophysiology of MASLD to MASH progression 
upon PP2A inhibition. (A) CD68 immunoreactivity is shown by immunohistochemistry in liver sec-
tions from Chow, Chow + PP2A inhibitor, MASLD, MASLD + PP2A inhibitor, and NLRP3 KO 
MASLD + PP2A inhibitor mouse samples. Images were taken at 20× magnification and displayed 
with a scale of 100 µm. Some of the immunoreactive sites were indicated by arrows. (B) Morphom-
etry of CD68 immunoreactivity in all the groups was measured as arbitrary light units from three 
separate microscopic fields and plotted along the ordinate. All p-values were determined through 
one-way ANOVA with the significance level set at p < 0.05. (C) α-SMA immunoreactivity is shown 
by immunohistochemistry in liver sections from Chow, Chow + PP2A inhibitor, MASLD, MASLD 
+ PP2A inhibitor, and NLRP3 KO MASLD + PP2A inhibitor mouse samples. Images were taken at 
20× magnification and displayed with a scale of 100 µm. Some of the immunoreactive sites were 
indicated by arrows. (D) Morphometry of α-SMA immunoreactivity in all the groups was measured 
as arbitrary light units from three separate microscopic fields and plotted along the ordinate. All p-
values were determined through one-way ANOVA with the significance level set at p < 0.05. (E) IL-
1β immunoreactivity is shown by immunohistochemistry in liver sections from Chow, Chow + 
PP2A inhibitor, MASLD, MASLD + PP2A inhibitor, and NLRP3 KO MASLD + PP2A inhibitor 
mouse samples. Images were taken at 20× magnification and displayed with a scale of 100 µm. Some 
of the immunoreactive sites were indicated by arrows. (F) Morphometry of IL-1β immunoreactivity 
in all the groups was measured as arbitrary light units from three separate microscopic fields and 
plotted along the ordinate. All p-values were determined through one-way ANOVA with the signif-
icance level set at p < 0.05. 
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Hepatic Injury 

NLRP3 inflammasome activation was implicated in various acute and chronic liver 
diseases, contributing to the pathologies related to immune cell activation, hepatocyte 
damage, and events of hepatic inflammation [53–56]. Past research from our lab has elu-
cidated that PP2A inhibitors cause NLRP3 activation in intestinal and liver tissues [7,29]. 
In the current study, the role of NLRP3 activation in liver tissues of respective animal 
groups was demonstrated and correlated with its contribution as the causal factor in de-
termining the pathophysiological outcomes. The representative immunofluorescence im-
ages reflect the activation status of NLRP3 measured in terms of NLRP3 (red) and ASC2 
(green), and colocalization events (yellow) in DAPI counterstained liver slices; the highest 

Figure 1. NLRP3 Knockout (KO) alleviates the pathophysiology of MASLD to MASH progression
upon PP2A inhibition. (A) CD68 immunoreactivity is shown by immunohistochemistry in liver
sections from Chow, Chow + PP2A inhibitor, MASLD, MASLD + PP2A inhibitor, and NLRP3 KO
MASLD + PP2A inhibitor mouse samples. Images were taken at 20× magnification and displayed
with a scale of 100 µm. Some of the immunoreactive sites were indicated by arrows. (B) Morphom-
etry of CD68 immunoreactivity in all the groups was measured as arbitrary light units from three
separate microscopic fields and plotted along the ordinate. All p-values were determined through
one-way ANOVA with the significance level set at p < 0.05. (C) α-SMA immunoreactivity is shown
by immunohistochemistry in liver sections from Chow, Chow + PP2A inhibitor, MASLD, MASLD
+ PP2A inhibitor, and NLRP3 KO MASLD + PP2A inhibitor mouse samples. Images were taken at
20× magnification and displayed with a scale of 100 µm. Some of the immunoreactive sites were
indicated by arrows. (D) Morphometry of α-SMA immunoreactivity in all the groups was measured
as arbitrary light units from three separate microscopic fields and plotted along the ordinate. All
p-values were determined through one-way ANOVA with the significance level set at p < 0.05.
(E) IL-1β immunoreactivity is shown by immunohistochemistry in liver sections from Chow,
Chow + PP2A inhibitor, MASLD, MASLD + PP2A inhibitor, and NLRP3 KO MASLD + PP2A in-
hibitor mouse samples. Images were taken at 20× magnification and displayed with a scale of 100 µm.
Some of the immunoreactive sites were indicated by arrows. (F) Morphometry of IL-1β immunoreac-
tivity in all the groups was measured as arbitrary light units from three separate microscopic fields
and plotted along the ordinate. All p-values were determined through one-way ANOVA with the
significance level set at p < 0.05.

2.2. NLRP3 Drove the Inflammatory Events and Interacted with Hsp70 in Aggravating the
Hepatic Injury

NLRP3 inflammasome activation was implicated in various acute and chronic liver
diseases, contributing to the pathologies related to immune cell activation, hepatocyte
damage, and events of hepatic inflammation [53–56]. Past research from our lab has
elucidated that PP2A inhibitors cause NLRP3 activation in intestinal and liver tissues [7,29].
In the current study, the role of NLRP3 activation in liver tissues of respective animal groups
was demonstrated and correlated with its contribution as the causal factor in determining
the pathophysiological outcomes. The representative immunofluorescence images reflect
the activation status of NLRP3 measured in terms of NLRP3 (red) and ASC2 (green), and
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colocalization events (yellow) in DAPI counterstained liver slices; the highest inflammation
was observed in the MASLD + PP2A inhibitor group, followed by Chow + PP2A inhibitor
group (Figure 2A; p < 0.001). The morphometric analysis demonstrated a significant
increase in the NLRP3 activation profile in the presence of the PP2A inhibitor, which
was further amplified when co-exposed with MASLD (MASLD + PP2A inhibitor group)
(Figure 2B; p < 0.001).
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Figure 2. NLRP3 drives the inflammatory events and interacts with Hsp70 in aggravating the hepatic
injury. (A) Immunofluorescence dual labeling of NLRP3 (red), ASC2 (green), and colocalization
(yellow) taken at 40× magnification, displayed with a scale of 50 µm in the liver sections from
Chow, Chow + PP2A inhibitor, MASLD, and MASLD + PP2A inhibitor mouse samples. Some
of the colocalization events were indicated by white arrows. (B) Morphometry of NLRP3–ASC2
colocalization (yellow) events in all the groups were measured as arbitrary fluorescent units from
three separate microscopic fields and plotted along the ordinate. All p-values were determined
through one-way ANOVA with the significance level set at p < 0.05. (C) Immunofluorescence dual
labeling of NLRP3 (red), Hsp70 (green), and colocalization (yellow) taken at 60× magnification,
displayed with a scale of 5 µm in the liver sections from MASLD + PP2A inhibitor and NLRP3 KO
MASLD + PP2A inhibitor mouse samples. Some of the colocalization events are indicated by white
arrows. (D) Morphometry of NLRP3–Hsp70 colocalization (yellow) events in both groups were
measured as arbitrary fluorescent units from three separate microscopic fields and plotted along the
ordinate. All p-values were determined through an unpaired t-test with the significance level set at
p < 0.05.

HSPs are reported to modulate different inflammasomes including NLRP3 [33]. The role
of HSPs was investigated before in the context of MASLD and PP2A inhibition [34–36]. Hence,
several pertinent HSPs were probed in the liver tissues of our respective sample groups,
and Hsp70 was selected as the candidate after the screening (p < 0.001, Supplementary
Figure S1) due to its prominent functional associations with NLRP3 and its potential
in contributing to the observed liver pathology in the conditions of MASLD and PP2A
inhibition. Hsp70 is known to interact physically with intracellular NLRP3 and regulate its
activation status [41]. In the present study, we observed that NLRP3 physically interacts
with Hsp70 in liver tissue upon co-exposure to MASLD and PP2A Inh. (Figure 2C,D;
p < 0.001) as suggested by immunolocalization studies.
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2.3. NLRP3 Was Key to the Production and Release of Hsp70 in the Liver

The existing literature has reported that NLRP3 possibly serves as an upstream de-
terminant of the Hsp70 secretion in tumor tissues [45,52]. Extracellular Hsp70 is known
to act as a DAMP and induce inflammatory responses [42]. The MASLD condition has
also been linked to a disrupted intracellular Hsp70 activity which otherwise serves as an
anti-inflammatory molecule and PP2A inhibitors are reported to increase the expression of
Hsp70 [50]. However, the involvement and characterization of Hsp70 in the conditions of
MASLD and PP2A inhibition remained elusive. Hence, further investigation was necessary
to mechanistically establish the relationship between NLRP3 and Hsp70 in this context.

Firstly, an initial study was conducted to assess the production and secretion of
Hsp70 at the hepatic and systemic levels. The expression profile of Hsp70 was assessed
through immunofluorescence (Green, counterstained in DAPI) in the liver sections of the
experimental mice groups (Figure 3A,B). We observed that the Hsp70 expression was
significantly increased in the MASLD + PP2A inhibitor group, followed by the Chow
+ PP2A inhibitor group, and a significant decrease in the NLRP3 KO MASLD + PP2A
inhibitor group, comparatively (Figure 3A,B; p < 0.001). The production of Hsp70 in the
liver was also measured by immunoblot assay and a similar trend was observed: the
highest expression was observed in the MASLD + PP2A inhibitor group, followed by the
Chow + PP2A inhibitor group, and a significant decrease in the NLRP3 KO MASLD +
PP2A inhibitor group (Figure 3C,D; p < 0.001). Results indicated that NLRP3 markedly
deceased the production of Hsp70 in the liver tissue. Further, the secreted form of Hsp70
was measured through ELISA from the serum samples of the experimental mice groups.
The results revealed that the serum levels of Hsp70 were increased in both the MASLD
(p = 0.02) and Chow + PP2A inhibitor (p < 0.001) groups, with the highest level observed
in the MASLD + PP2A inhibitor group and a significant decrease noted in the NLRP3 KO
MASLD + PP2A inhibitor group (Figure 3E; p < 0.001). The results suggested that the serum
levels of Hsp70 were observed to be under strict modulation by NLRP3 along with its
production in liver tissues.
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Figure 3. NLRP3 determines the production and release of Hsp70 in the liver. (A) Immunofluores-
cence labeling of Hsp70 (green) taken at 40× magnification, displayed with a scale of 50 µm in the
liver sections from Chow, Chow + PP2A inhibitor, MASLD, MASLD + PP2A inhibitor, and NLRP3
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KO MASLD + PP2A inhibitor mouse samples. Some of the immunoreactivity events were indicated by
white arrows. (B) Morphometry of Hsp70 (green) immunoreactivity in all the groups was measured
as arbitrary fluorescent units from three separate microscopic fields and plotted along the ordinate.
All p-values were determined through one-way ANOVA with the significance level set at p < 0.05.
(C) Immunoblot analysis of Hsp70 and β-actin protein level expressions from the liver lysates of
Chow, Chow + PP2A inhibitor, MASLD, MASLD + PP2A inhibitor, and NLRP3 KO MASLD + PP2A
inhibitor mouse samples. (D) Densitometric analysis of Hsp70 reactivity calculated as the ratio of
Hsp70 to β-actin, displayed as mean and deviation (n = 3 in biological replicates). All p-values were
determined through one-way ANOVA with the significance level set at p < 0.05. (E) Serum Hsp70
level in ng/mL was plotted as a bar graph in Chow, Chow + PP2A inhibitor, MASLD, MASLD +
PP2A inhibitor, and NLRP3 KO MASLD + PP2A inhibitor mouse serum samples (n = 6 in biological
replicates). All p-values were determined through one-way ANOVA with the significance level set at
p < 0.05.

2.4. Hsp70 Served as a Ligand of TLR4 to Initiate the Inflammatory Cascade in Hepatocytes

The function of the extracellular Hsp70 as a TLR4 ligand is well documented in earlier
studies [44,45]. In this section, further investigations were undertaken to probe the ligand
binding activity and initiation of the Hsp70–TLR4 signaling cascade in the liver cells,
especially in hepatocytes. The Hsp70 produced and secreted by liver tissue was correlative
with its systemic level, and the increased levels of serum Hsp70 in the MASLD + PP2A
group when compared to the MASLD-only group also implicated the higher extracellular
levels of Hsp70 (Figure 3E; p < 0.001). The source may be primarily from the liver but that
may be speculation at this point; however, a parallel hepatic Hsp70 level increase together
with high circulatory levels of the same protein may be indicative of extracellular Hsp70
acting in a paracrine fashion in the liver microenvironment.

The events of Hsp70–TLR4 ligand binding in the liver were elucidated via immunoflu-
orescence where TLR4 (green) and Hsp70 (red) were found to colocalize (yellow), and the
number of events was measured in the liver sections of different experimental mice groups
(Figure 4A). The highest reactivity in terms of Hsp70–TLR4 colocalization, indicative of
the ligand binding events, was observed in the MASLD + PP2A inhibitor group, followed
by the Chow + PP2A inhibitor group when compared to the MASLD and Chow groups
(Figure 4A,B; p < 0.001). The absence of NLRP3 decreased the Hsp70 secretion; hence, the
events of Hsp70–TLR4 colocalization decreased significantly in the NLRP3 KO MASLD +
PP2A inhibitor group when compared to the MASLD + PP2A inhibitor group (Figure 3A,B
and Figure 4A,B; p < 0.001). The absence of NLRP3 may also dictate lower Hsp70 protein
levels, and thus drive lower TLR4 binding.

2.5. Hsp70–TLR4 Ligand Binding Regulated the NF-κB Phosphorylation to Manifest
Hepatic Inflammation

TLR4 is well characterized in activating the NF-κB pathway, which involves phospho-
rylation and nuclear import of an active NF-κB complex to enhance the transcription of the
genes related to immune response and inflammation [46,57]. In hepatocytes, the functional
attributes of TLR4 have long been identified in the disease models of hepatic injury and
MASH [47,48]. The Hsp70–TLR4 axis is known to activate NF-κB downstream [44]. In a
previous study, extracellular Hsp 72 was shown to bind TLR2 and TLR4, but the precise role
of a NLRP3–Hsp70–TLR4 axis has never been reported [58]. Hence, the NF-κB phosphory-
lation status, a downstream event of TLR4 activation, was probed via immunoblotting in
the liver tissues of experimental mice groups. Results indicated that the phosphorylation
of NF-κB (phospho-NF-κB, normalized against total-NF-κB) was highest in the MASLD +
PP2A inhibitor group, followed by the Chow + PP2A inhibitor group, and almost absent
in the NLRP3 KO MASLD + PP2A inhibitor group when compared with the MASLD +
PP2A inhibitor group (Figure 5A,B; p < 0.001). Other components of the NF-κB pathway
were also probed via the immunoblot technique, and it was observed that the IKK-β and
NEMO/IKK-γ expression levels were correlated with the phospho-NF-κB profile with the
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highest expression in the MASLD + PP2A inhibitor group, followed by the Chow + PP2A
inhibitor group, and decreased sharply in the NLRP3 KO MASLD + PP2A inhibitor group
(Figure 5A,C,D; p < 0.001).
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Figure 4. Hsp70 serves as a ligand of TLR4 to initiate the inflammatory cascade in hepatocytes.
(A) Immunofluorescence dual labeling of TLR4 (green), Hsp70 (red), and colocalization (yellow)
taken at 60× magnification, displayed with a scale of 10 µm in the liver sections from Chow, Chow +
PP2A inhibitor, MASLD, MASLD + PP2A inhibitor, and NLRP3 KO MASLD + PP2A inhibitor mouse
samples. Some of the colocalization events were indicated by white arrows. (B) Morphometry of
Hsp70–TLR4 colocalization (yellow) events in all the groups were measured as arbitrary fluorescent
units from three separate microscopic fields and plotted along the ordinate. All p-values were
determined through one-way ANOVA with the significance level set at p < 0.05.

2.6. NLRP3–Hsp70–TLR4 Axis Triggered Cell Death and Survival Pathways in the Liver
Following PP2A Inhibition by MC-LR

Gasdermin D plays an execution role in the pyroptotic cell death pathway in con-
junction with NLRP3 and is required for IL-1β release [59]. Thus, NLRP3 inflammasome
activation in turn synchronizes with pyroptosis and gasdermin D levels. Based on the
above rationale, pyroptosis status was probed by immunoblotting and it was observed
that the MASLD + PP2A inhibitor group showed the highest expression of gasdermin D,
followed by the Chow + PP2A inhibitor group, and significantly decreased in the NLRP3
KO MASLD + PP2A inhibitor group (Figure 6A,B; p < 0.001).
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Figure 5. Hsp70–TLR4 ligand binding regulates the NF-κB phosphorylation to manifest hepatic
inflammation. (A) Immunoblot analysis of phospho-NF-κB, total-NF-κB, IKK-β, NEMO/IKK-γ, and
β-actin protein level expressions from the liver lysates of Chow, Chow + PP2A inhibitor, MASLD,
MASLD + PP2A inhibitor, and NLRP3 KO MASLD + PP2A inhibitor mouse samples. (B) Densitomet-
ric analysis of phospho-NF-κB reactivity calculated as the ratio of phospho-NF-κB to total-NF-κB,
displayed as mean and deviation (n = 3 in biological replicates). All p-values were determined
through one-way ANOVA with the significance level set at p < 0.05. (C) Densitometric analysis of
IKK-β reactivity calculated as the ratio of IKK-β to β-actin, displayed as mean and deviation (n = 3 in
biological replicates). All p-values were determined through one-way ANOVA with the significance
level set at p < 0.05. (D) Densitometric analysis of NEMO/IKK-γ reactivity calculated as the ratio
of NEMO/IKK-γ to β-actin, displayed as mean and deviation (n = 3 in biological replicates). All
p-values were determined through one-way ANOVA with the significance level set at p < 0.05.

Ascertaining the role of the NLRP3–TLR4–Hsp70 axis in the cell death mechanisms
in MASLD to MASH progression was based on the reports that TLR4 activation is known
to cause necroptosis via MLKL activation [60]. Phosphorylated MLKL is a key marker
of necroptosis, which is a form of programmed cell death. Thus, an investigation was
performed to check whether the NLRP3–Hsp70–TLR4 axis drives the necroptotic cell death
in the liver with MASLD condition when PP2A is inhibited in the presence or absence of
NLRP3 activation. Phosphorylation of the MLKL (phospho-MLKL, normalized against
total-MLKL) was probed via immunoblot analysis from the liver lysates of the respective
mice groups, and the highest level was observed that in the MASLD + PP2A inhibitor group,
followed by the Chow + PP2A inhibitor group, whereas it was decreased significantly in
the NLRP3 KO MASLD + PP2A inhibitor group (Figure 6A,C; p < 0.001).
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Figure 6. NLRP3–Hsp70–TLR4 axis shifts the fulcrum of cell death and survival pathways in the liver.
(A) Immunoblot analysis of gasdermin D, phospho-MLKL, total-MLKL, Beclin 1, LC3B-II, and β-actin
protein level expressions from the liver lysates of Chow, Chow + PP2A inhibitor, MASLD, MASLD +
PP2A inhibitor, and NLRP3 KO MASLD + PP2A inhibitor mouse samples. (B) Densitometric analysis
of gasdermin D reactivity calculated as the ratio of gasdermin D to β-actin, displayed as mean and
deviation (n = 3 in biological replicates). All p-values were determined through one-way ANOVA
with the significance level set at p < 0.05. (C) Densitometric analysis of phospho-MLKL reactivity
calculated as the ratio of phospho-MLKL to total-MLKL, displayed as mean and deviation (n = 3 in
biological replicates). All p-values were determined through one-way ANOVA with the significance
level set at p < 0.05. (D) Densitometric analysis of Beclin 1 reactivity calculated as the ratio of Beclin
1 to β-actin, displayed as mean and deviation (n = 3 in biological replicates). All p-values were
determined through one-way ANOVA with the significance level set at p < 0.05. (E) Densitometric
analysis of LC3B-II reactivity calculated as the ratio of LC3B-II to β-actin, displayed as mean and
deviation (n = 3 in biological replicates). All p-values were determined through one-way ANOVA
with the significance level set at p < 0.05.

Beclin 1 and LC3B-II are important proteins involved in the process of autophagy,
which is a cellular mechanism responsible for the degradation and recycling of damaged or
unnecessary cellular components [61]. The induction of autophagy in the liver tissues of
experimental animal groups was measured in terms of elevated expression of the markers
Beclin 1 and LC3B-II. The Beclin 1 and LC3B-II protein expression levels were probed via the
immunoblot analyses and it was observed that both of their protein level expressions were
highest in the MASLD + PP2A inhibitor group, followed by the Chow + PP2A inhibitor
group, and decreased significantly in the NLRP3 KO MASLD + PP2A inhibitor group
(Figure 6A,D,E; p < 0.001).
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2.7. Hsp70–TLR4 Ligand Binding Augmented in Hepatocytes When Pre-Treated with Leptin

Our in vivo data mostly identified hepatocytes as the seat for NLRP3–Hsp70 co-
binding as studied by immunofluorescence microscopy. Similarly, expression of Hsp70
and its binding to TLR4 appeared to be in the hepatocytes, though other cell participation
could not be ruled out. To validate the crucial mechanism obtained from the in vivo results,
the H2.35 mouse hepatocyte cell line was used to conduct the in vitro experiments. As
we have shown before, the MASLD-like pathology is induced in the cells by treating with
recombinant mouse leptin (100 ng/mL) for 24 h followed by recombinant mouse Hsp70
(50 µg/mL) treatment for an hour to stimulate the TLR4 signaling pathway [62]. The
rationale for using leptin incubation rests purely on the basis of clinical leptin resistance in
the liver microenvironment in MASLD. Cells were grouped in four sets of Control, Leptin
(only leptin treated), Hsp70 (only Hsp70 treated), and Leptin + Hsp70 (Leptin treated
followed by Hsp70 stimulation).

Hsp70 (red) and TLR4 (green) ligand binding events were investigated on the cell
surface, and the colocalization (yellow) profiles were generated to assess the Hsp70–TLR4
ligand binding (Figure 7A). A significant increase in the colocalization events was observed
in the Leptin + Hsp70 group when compared to the Hsp70-only group (Figure 7A,B;
p < 0.001). The higher magnification images displayed separately also show the prominence
of the Hsp70–TLR4 interaction, indicative of ligand binding in discrete colocalization
profiles (Figure 7C).
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Figure 7. Hsp70–TLR4 ligand binding augments in H2.35 hepatocytes when pre-treated with leptin.
(A) Immunofluorescence dual labeling of TLR4 (green), Hsp70 (red), and colocalization (yellow) taken
at 60× (oil) magnification displayed with a scale of 50 µm in the H2.35 hepatocytes from Control,
Hsp70, Leptin, and Leptin + Hsp70 groups. Some of the colocalization events are indicated by white
arrows. (B) Morphometry of TLR4–Hsp70 colocalization (yellow) events in all the groups were
measured as arbitrary fluorescent units from six separate microscopic fields and plotted along the
ordinate. All p-values were determined through one-way ANOVA with the significance level set at
p < 0.05. (C) Immunofluorescence dual labeling of TLR4 (green), Hsp70 (red), and colocalization
(yellow) with DAPI (blue) counterstained taken at 60× (oil) magnification, displayed in zoom with a
scale of 5 µm in the H2.35 hepatocytes in Hsp70 and Leptin + Hsp70 groups. Some of the colocalization
events were indicated by white arrows.
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2.8. Leptin Elevated the Expression of TLR4 to Increase the Hsp70–TLR4 Ligand Binding and
Subsequent NF-κB Phosphorylation in Hepatocytes

Leptin was reported to increase the expression of TLR4 [63]. Hence, investigations
were made to check if leptin caused increased TLR4 expression and a resulting Hsp70–
TLR4 ligand binding in the H2.35 mouse hepatocytes. Immunoblot analysis revealed a
significantly increased protein level expression of TLR4 was observed with 24 h leptin
treatment in the Leptin and Leptin + Hsp70 groups when compared to the Control and
Hsp70-only groups (Figure 8A,B; p < 0.001). Consequently, NF-κB phosphorylation was
also found to be increased in the Leptin + Hsp70 group compared to the Hsp70-only
group (Figure 8A,C; p < 0.001). Thus, the results elucidated how NF-κB phosphorylation
and subsequent inflammatory events are dependent on the elevated leptin-dependent
TLR4 expression and subsequent increase in Hsp70–TLR4 ligand binding in H2.35 mouse
hepatocytes.
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Figure 8. Leptin elevates the expression of TLR4 to increase the Hsp70–TLR4 ligand binding and
subsequent NF-κB phosphorylation. (A) Immunoblot analysis of TLR4, phospho-NF-κB, total-NF-κB,
and β-actin protein level expressions in the H2.35 hepatocytes from Control, Hsp70, Leptin, and
Leptin + Hsp70 groups. (B) Densitometric analysis of TLR4 reactivity calculated as the ratio of TLR4 to
β-actin, displayed as mean and deviation (n = 3 in biological replicates). All p-values were determined
through two-way ANOVA with the significance level set at p < 0.05. (C) Densitometric analysis of
phospho-NF-κB reactivity calculated as the ratio of phospho-NF-κB to total-NF-κB, displayed as
mean and deviation (n = 3 in biological replicates). All p-values were determined through one-way
ANOVA with the significance level set at p < 0.05.
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3. Discussion

This study has provided for the first time a mechanistic insight into the NLRP3–Hsp70–
TLR4 axis in MASLD and its progression to MASH upon PP2A inhibition by environmental
toxicant exposure. NLRP3 inflammasome activation induced Hsp70 production and release,
which then interacted with TLR4 on hepatocytes, resulting in the activation of NF-κB and
promoting inflammation. In the absence of NLRP3, these effects were attenuated. Increased
fat accumulation and leptin resistance in MASLD upregulated TLR4 expression, while
PP2A inhibition enhanced Hsp70 production, contributing to heightened Hsp70–TLR4
binding and NF-κB activation. In vitro results further confirmed this mechanism, showing
increased inflammation in Hsp70-stimulated hepatocytes with leptin pre-treatment.

The existing scientific premise established by our lab demonstrated that the pathology
of MASLD is mainly associated with oxidative stress and inflammation in exerting liver
damage and the release of inflammatory messengers at a systemic level which further
expand to ectopic injury including gut, kidney, and brain [64–67]. On the other hand, recent
cyanobacterial blooms have raised concerns as they release protein phosphatase 2A (PP2A)
inhibitors like MC-LR, posing a significant threat to individuals with MASLD [18]. Past
studies reported by our group and others have thoroughly demonstrated the impacts of
PP2A inhibitors and their byproducts in exacerbating the pathophysiology of MASLD
and its progression toward MASH as referenced earlier. Conclusively, MC-LR produced
by cyanobacteria aggravates the amplitude of this hepatic injury. One of the reasons
for the exacerbating pathology was identified as inflammation. Here, we exclusively
elucidated that in the underlying conditions of MASLD, the second hit of PP2A inhibition
causes amplified inflammation, cell death, and fibrotic damage to the liver via NLRP3
inflammasome activation that triggers an Hsp70-induced TLR4 activation.

Previous studies from our laboratory demonstrated that activation of the NLRP3
inflammasome induces inflammation in the liver and brain tissues of MASLD/MASH
mouse models. NLRP3 inflammasome activation is associated with immune cell activa-
tion, hepatocyte damage, and hepatic inflammation in various acute and chronic liver
diseases [68–71]. Furthermore, our past research revealed that PP2A inhibitors trigger
NLRP3 activation in intestinal and liver tissues [5,7,29,72]. To date, there is significant
evidence linking heat shock proteins (HSPs) to inflammatory events and immune reg-
ulation [30,73]. HSPs have been found to modulate various inflammasomes, including
NLRP3 [41]. When released extracellularly, Hsp70 acts as a DAMP and triggers inflam-
mation whereas intracellular Hsp70’s anti-inflammatory functions are compromised in
MASLD [42,49]. PP2A inhibitors are known to increase Hsp70 expression [50]. However,
the precise involvement and characterization of Hsp70 in MASLD and PP2A inhibition
remain unclear. Therefore, we investigated the mechanistic relationship between NLRP3
and Hsp70 by examining the contribution of extracellular Hsp70 to pathophysiology in the
absence of NLRP3 (NLRP3KO). In our current research we demonstrated a detailed mecha-
nism involving the NLRP3 inflammasome, and how it pertains to the unique contraption
of Hsp70 production and release has been substantiated with the TLR4 pathway and subse-
quent activation of pro-inflammatory NF-κB pathway in manifesting the disease pathology.
Thus, we probed further and observed that NLRP3 drives and determines the production
of Hsp70 in the liver and its systemic level release. The presence of NLRP3 avails Hsp70
to bind with the TLR4 receptors, expressed mainly by the hepatocytes in the liver, which
further causes downstream phosphorylation of NF-κB and activates the proinflammatory
cascade, contributing to the pathophysiology of MASLD and instigates its worsening to-
wards steatohepatitis. Lack of NLRP3 in the system markedly decreases the rate of Hsp70
production in the liver and its circulatory concentration which renders its availability to
the hepatocytes for Hsp70–TLR4 ligand binding and subsequent NF-κB activation.

NLRP3 is the upstream regulator of Hsp70 production and release [52], known to
modulate the proinflammatory fate caused by Hsp70. This inflammatory insult is known to
impact cell survival and confers more damage by inducing cell death; hence, we identified
the NLRP3–Hsp70–TLR4 axis to play a pivotal role in determining the stages of liver injury
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and fibrosis. MASLD conditions cause increased accumulation of fat and leptin resistance
in the liver, which amplifies the protein level of expression of TLR4. The PP2A inhibitor
increases the production of Hsp70 in the liver and its release at the systemic level, thus
enhancing the availability of Hsp70 in liver tissue and finally to the hepatocytes, which
consequently serves to ensure maximal Hsp70–TLR4 ligand binding and resultant NF-
κB activation. Our in vitro results indicated this mechanism underlying the immoderate
inflammation in Hsp70-stimulated hepatocytes when pre-treated with leptin. Hsp70 has
been elucidated as a TLR4 ligand and instigates proinflammatory response [44,45] and
our results indicated the same: lack of secretory Hsp70 and its reduced binding to TLR4
plays the pivotal role in activating inflammatory cascades in the liver. This also justified
the elevation of underlying inflammation in MASLD to MASH progression when PP2A is
inhibited by cyanotoxins.

Cell death and survival decisions are crucially dependent on the amplitude of tissue
injury and inflammation. Important aspects of that are covered in this study, including
fundamental pathways of pyroptosis, necroptosis, and autophagy. PP2A inhibitors are
reported to cause pyroptosis via NLRP3 activation in hepatocytes [24]. In our results, it
has been reflected that the lack of NLRP3 activation in the NLRP3 KO MASLD + PP2A Inh.
group affected the pyroptosis pathway and associated cell death. Consequently, hepatic
cell death from pyroptosis is regulated in the absence of NLRP3 but is recorded to be
highest in the MASLD + PP2A Inh. group. Necroptotic cell death is a hallmark of cell
and tissue level injury due to augmented inflammation and PP2A inhibitor has also been
identified prior in causing necroptosis in mouse primary hepatocytes [74]. Phosphorylated
MLKL is known to execute NLRP3 inflammasome activation in a cell-intrinsic manner [75].
Both Hsp70 and TLR4 activation are elucidated in the activation of MLKL and execut-
ing necroptotic cell death [76]. We also observed the highest level of necroptosis in the
MASLD + PP2A Inh. group and it decreased markedly in the NLRP3 KO MASLD + PP2A
Inh. group. Hence, we could explain here that, due to the NLRP3 knockout, the levels
of Hsp70 and TLR4 activation by its ligand binding are significantly less, preventing im-
moderate inflammation and subsequent cell death by necroptosis. The MASLD condition
and PP2A inhibitors are known to induce autophagy to combat ER stress, cellular damage,
and inflammation, both in vivo and in vitro [61,77]. Autophagy can regulate the NLRP3
activation and ameliorate the inflammatory damage that occurs via NLRP3 [78]. Also,
NLRP3 inflammasome activation and autophagy have been correlated in hepatic stellate
cell activation and liver fibrosis [79]. Hence, in accordance with the existing research, our
results also demonstrated that the status of autophagy in experimental mice liver samples
was dependent on the level of tissue injury, inflammation, and cell death mediated through
the NLRP3–Hsp70–TLR4 axis.

Though our study provides important insight into the NLRP3–Hsp70–TLR4 axis in
determining the poor outcome in MASLD, we are limited in extrapolating the role of Hsp70
in general. As is known, Hsp70 has been shown to act as an anti-inflammatory molecule,
albeit intracellularly. It might be the case that the intracellular Hsp70 expression and/or
release in the extracellular matrix may be tightly regulated. Interestingly, obesity shows
a suppressed anti-inflammatory activity of Hsp70 [49], and our present research did not
study the exact source of Hsp70, although we showed that both the liver expression and
serum levels of Hsp70 were under the tight regulation of NLRP3. It might be justified to
assume that there are other molecular mediators of Hsp70 that modulate its pro- or anti-
inflammatory actions that may have broader implications in liver disease pathology. Based
on our initial findings of higher serum level Hsp70 that was tightly regulated by NLRP3,
we focused more on the secretory Hsp70, which is pro-inflammatory in nature [42,43]. A
detailed mechanism of NLRP3 in regulating Hsp70 production and release into the liver
microenvironment is another major domain of interest that we would like to study in
the future. Additionally, for future studies, it would be appropriate to conduct advanced
validation methods including transient and stable Hsp70 knockdown in vitro models using
small interfering RNAs (siRNA) and short hairpin RNAs (shRNA), respectively, targeting
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the inducible Hsp70 isoforms. Being an important ubiquitous chaperone protein, the
generation of a Hsp70 knockout system can be detrimental for cell survival; hence, it may
be apt to use efficient knockdown systems only. To further establish the role of Hsp70 in
driving the NLRP3–Hsp70–TLR4 axis, it will be important to use a transcriptomics approach
to better understand global gene expression changes resulting from the knockdown or
inhibition of Hsp70 in the context of MASLD and PP2A inhibition.

In summary, our proposed mechanism for liver injury, involving the NLRP3–Hsp70–
TLR4 axis, has significant implications for the development and repurposing of therapeutics
in the treatment of hepatic inflammation in patients with MASLD and progressive steato-
hepatitis. Animal studies have demonstrated that NLRP3 inhibitors known to be effective
in clinical settings can halt the progression of liver damage and fibrosis in MASLD/MASH
models [80–82]. Additionally, previous research has shown that TLR4 null mice exhibit re-
duced injury and lipid accumulation in models of steatohepatitis [83]. Our findings further
underscore the crucial role of TLR4 in driving the transition from MASLD to MASH. The
stimulation of TLR4 by secretory Hsp70 initiates proinflammatory reactions and increases
the burden of inflammation. Thus, targeting the NLRP3–Hsp70–TLR4 axis with specific
clinically developed antagonists offers a focused approach in the clinical management of
MASLD and MASH, though the use of Hsp70 inhibitors may not be a correct approach
owing to its dual roles in pathology.

4. Materials and Methods

The MC-LR (henceforth, also referred to as PP2A inhibitor) was acquired from Cayman
Chemical Company (Ann Arbor, MI, USA). Primary antibodies against Cluster of Differ-
entiation 68 (CD68), α-smooth muscle actin (α-SMA), Hsp70, and secondary antibodies
conjugated with horseradish peroxidase (HRP) were obtained from Abcam (Cambridge,
MA, USA). Primary antibodies against NLRP3, ASC2, IL-1β, TLR4, IKK-β, NEMO/IKK-γ,
and β-actin were purchased from Santacruz Biotechnology (Dallas, TX, USA). Primary
antibodies against phospho-NF-κB, total-NF-κB, phospho-mixed lineage kinase domain-
like protein (MLKL), total-MLKL, Beclin 1, LC3B-II, and gasdermin D were obtained from
Cell Signaling Technology (Beverly, MA, USA). Species-specific biotinylated secondary
antibodies and streptavidin-HRP were acquired from Vector Laboratories (Vectastain Elite
ABC kit, Newark, CA, USA). Fluorescence-conjugated (Alexa Flour) secondary antibodies
and ProLong Gold antifade mounting media with DAPI were purchased from Thermo
Fisher Scientific (Grand Island, NY, USA). The IHC-Tek was obtained from IHCWORLD
(Catalog# IW-1000). The liver tissue sections were paraffin-embedded by AML Laborato-
ries (St. Augustine, FL, USA). Recombinant mouse Hsp70 was purchased from Enzo Life
Sciences (Farmingdale, NY, USA). Unless otherwise specified, all other chemicals used in
this study were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.1. Animal Model

This study used pathogen-free, adult, male, 8 weeks old C57BL/6J wild-type (WT)
mice and NLRP3 knockout (NLRP3 KO) mice obtained from the Jackson Laboratories (Bar
Harbor, ME, USA). The mice were used to investigate the effects of MASLD induction. The
WT and NLRP3 KO mice (B6.129S6-Nlrp3tm1Bhk/J, Male, 8 weeks, Genetic Background:
C57BL/6J) were fed a high-fat diet (HFD) containing 60% kCal for 6 weeks until the age of
14 weeks in mice to induce MASLD. A separate group of mice was fed a normal chow diet,
which served as the control group for the study. The mice were housed in a temperature-
controlled room with a 12 h light/dark cycle and had ad libitum access to food and water.
All experimental procedures were conducted following the guidelines outlined in the NIH
Guide for the Humane Care and Use of Laboratory Animals. After the completion of the
experimental treatments, all mice were euthanized.

4.2. Experimental Models Used

This study involved the following experimental groups:
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i. Chow: WT mice fed a chow diet only.
ii. Chow + PP2A Inh.: WT mice fed a chow diet and exposed to PP2A inhibitor.
iii. MASLD: WT mice fed an HFD (60% kCal) obtained from Research Diets (New Brunswick,

NJ, USA) to induce MASLD.
iv. MASLD + PP2A Inh.: WT mice fed a high-fat diet and exposed to PP2A inhibitor.
v. NLRP3 KO MASLD + PP2A Inh.: NLRP3 knockout mice exposed to PP2A inhibitor

and fed an HFD.

At 14 weeks of age, mice from the Chow + PP2A Inh., MASLD + PP2A Inh., and
NLRP3 KO MASLD + PP2A Inh. groups were administered with PP2A inhibitor via oral
gavage at a dose of 10 µg/kg body weight. The administration of the PP2A inhibitor
was continued for 2 weeks, with a frequency of 5 doses per week. The above dose was
selected based on the NOAEL established (40 µg/kg/day) in mice [84]. Also, several
laboratories including ours have used a dose ranging between 10–120 µg/kg body weight
as a subchronic dose for hepatotoxicity [53]. Early mortality was observed in both the
50 µg/kg (1/17, 6%), and 100 µg/kg (3/17, 18%) MC-LR exposed mice in a study that used
a leptin receptor knockout model of MASLD [54], and most importantly, dissolved MCs
were found in all the water samples taken in Meiliang Bay of Lake Taihu that ranged from
3.22 to 11.47 µg/L [55]. Based on the above blood levels in humans, the same study used
MC-LR concentrations of 5 µg/Kg and 20 micrograms/kg -body weight as a subchronic
dose mimicking a human exposure [55]. The PP2A inhibitor was dissolved in a vehicle
consisting of ethanol and PBS. The total number of animals in each group (n = 6) was
determined based on statistical power calculations to ensure adequate statistical analysis.
The mice were randomly allocated to their respective cages following a randomization
procedure. At 16 weeks of age, all mice were euthanized, and serum and liver tissues were
collected for further analysis. Liver tissues were fixed in 10% neutral buffered formalin
after euthanization to prepare them for sectioning and subsequent processing.

4.3. Cell Culture

The H2.35 mouse hepatocyte cell line (Cat# 94050407-1VL) was acquired from Sigma-
Aldrich (St. Louis, MO, USA). The cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) obtained from Corning (Tewksbury, MA, USA). The DMEM medium
was supplemented with 100 U/mL of penicillin, 100 µg/mL of streptomycin from Gibco
(Grand Island, NY, USA), 5% fetal bovine serum (FBS), 2 mM glutamine, and 250 nM
dexamethasone (DXMT). The cells were maintained at a temperature of 39 ◦C in a humidi-
fied atmosphere with 5% CO2. Before initiating the treatment, the cells underwent serum
starvation overnight using DMEM containing 0.25% FBS. The control group of cells was
treated with vehicle control. Leptin and Leptin + Hsp70 group of cells were pre-treated
with mouse leptin at a concentration of 100 ng/mL for 24 h. Cells were then stimulated
with recombinant mouse Hsp70 for 1 h at a concentration of 50 µM with or without leptin
pre-treatment. Once all the treatments were completed, the cells were subjected to im-
munoblotting and immunofluorescence, and cell supernatants were collected and stored at
−80 ◦C for future use.

4.4. Immunohistochemistry

After deparaffinizing the formalin-fixed, paraffin-embedded liver tissue sections us-
ing a standard laboratory protocol, the antigen epitope retrieval was carried out using
an epitope retrieval solution and a steamer from IHC World (Woodstock, MD, USA). To
block the endogenous peroxidase activity, a 3% H2O2 solution was applied for 20 min.
Subsequently, serum blocking was performed using 5% goat serum for 1 h. The tissue
sections were then incubated overnight at 4 ◦C with primary antibodies for CD68, α-SMA,
and IL-1β, diluted according to the recommended dilutions in a blocking buffer. This
incubation was carried out in a humidified chamber. For detection, species-specific biotiny-
lated secondary antibodies and streptavidin conjugated with horseradish peroxidase were
used, following the manufacturer’s standard protocols. To visualize the immunoreactivity,
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3,3-diaminobenzidine (DAB) from Sigma-Aldrich was used as a chromogenic substrate.
The sections were counterstained with Mayer’s hematoxylin from Sigma-Aldrich (St. Louis,
MO, USA). Throughout the procedure, the tissue sections were washed with 1× PBS-T (PBS
+ 0.05% Tween 20) between the steps to remove any unbound reagents. Finally, the sections
were mounted in Aqua Mount from Lerner Laboratories (Kalamazoo, MI, USA). Images
were acquired using an Olympus BX63 microscope (Olympus, Center Valley, PA, USA).
Morphometry analysis was performed using cellSens software V2.2 (Olympus, Center
Valley, PA, USA).

4.5. Immunofluorescence

In the in vivo experiments, formalin-fixed, paraffin-embedded liver tissue sections
were deparaffinized following standard instructions. Epitope retrieval of the deparaffinized
tissue sections was performed using an epitope retrieval solution and a steamer from IHC
World, following the manufacturer’s protocol. Primary antibodies for NLRP3, ASC2,
Hsp70, and TLR4 were used at recommended dilutions and incubated overnight at 4 ◦C.
Species-specific anti-IgG secondary antibodies conjugated with Alexa Fluor 633 or 488 from
Invitrogen (Carlsbad, CA, USA) were used for detection. The tissue sections were mounted
using ProLong Gold antifade mounting media with DAPI from Thermo Fisher Scientific
(Grand Island, NY, USA) which helps preserve fluorescence and provides nuclear staining
with DAPI. Images of the tissue sections were captured under 40× magnification using an
Olympus BX63 microscope (Olympus, Center Valley, PA, USA). Morphometry analysis was
performed using cellSens software V2.2 (Olympus, Center Valley, PA, USA).

For the in vitro experiments, upon completion of the treatments, the cells attached
to coverslips were fixed with a pre-warmed 4% paraformaldehyde solution for 10 min at
room temperature. The cells were then permeabilized with PBS containing 0.1% Triton X
and blocked with a solution containing 3% BSA, 0.2% Tween, and 10% FBS in PBS. The
cells were incubated with primary antibodies against TLR4 and Hsp70 at recommended
dilutions, washed thoroughly, and incubated with species-specific Alexa Fluor 633 and 488
secondary antibodies (diluted at 1:150). The stained cells attached to the coverslips were
mounted on slides using ProLong Gold antifade mounting media with DAPI from Thermo
Fisher Scientific (Grand Island, NY, USA). Images of the stained cells were captured under
60× magnification (oil immersion) using an Olympus BX63 microscope from Olympus
(Center Valley, PA, USA). Morphometry analysis was performed using cellSens software
V2.2 from Olympus (Center Valley, PA, USA).

4.6. Quantitative Real-Time Polymerase Chain Reaction

To measure gene expression levels in liver tissue samples, the qRT–PCR protocol was
followed. Initially, the liver tissue was homogenized and centrifuged to eliminate any
extraneous tissue particles. Total RNA was then extracted from the homogenized liver
tissue using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The
extracted RNA was subsequently purified using RNAse mini kit columns from Qiagen
(Valencia, CA, USA). Following purification, 1000 ng of the purified RNA was reverse
transcribed into cDNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA).
For the qRT–PCR analysis, gene-specific primers and SsoAdvanced SYBR Green Supermix
(Bio-Rad) were utilized in a CFX96 thermal cycler (Bio-Rad, Hercules, CA, USA). The
amplification was carried out through a series of thermal cycles optimized for specific
primers. The resulting fluorescence signals were monitored, and the threshold cycle (Ct)
values were determined. To normalize the data, the target genes’ Ct values were compared
to those of the internal control gene, GAPDH. The relative fold change in gene expression
was calculated using the 2(−∆∆Ct) method to compare different experimental conditions
or treatment groups. Primer sequences for the qRT–PCR analysis of the target genes are
provided in Table 1.



Int. J. Mol. Sci. 2023, 24, 16354 18 of 22

Table 1. qRT-PCR Primer sequences for target genes.

Genes Forward Primer Sequence Reverse Primer Sequence Source

Hsp70 CAGCGAGGCTGACAAGAAGAA GGAGATGACCTCCTGGCACT [56]

Hsp90 TTGGTTACTTCCCCGTGCTG GCCTTTTGCCGTAGGGTTTC designed by us

Hsp60 CATCGGAAGCCATTGGTCATAA CGTGCTTAGAGCTTCTCCGTCA [85]

Hsp25 ACAGTGAAGACCAAGGAAGG CTGGAGGGAGCGTGTATTT designed by us

HspH1 GACCCTCAAGGAGTTCCATATC CTCTCGACTTCTCTCCATCTTTC designed by us

HspB8 AGACCCCTTTCGGGACTCA GGCTGTCAAGTCGTCTGGAA [86]

GAPDH CGACTTCAACAGCAACTCCCACTCTTCC TGGGTGGTCCAGGGTTTCTTACTCCTT [87]

4.7. Western Blot

Proteins from liver tissue samples and cell culture harvests were extracted using RIPA
lysis buffer supplemented with 1× protease inhibitor and phosphatase inhibitor cocktail.
The protein concentration was determined using the BCA kit (Thermo Fisher Scientific,
Rockford, IL, USA). Approximately 30 µg of denatured protein was loaded onto each
well of a Novex 4–12% bis-tris gradient gel and subjected to standard SDS-PAGE. The
proteins were separated based on their molecular weight using SDS-PAGE. The resolved
protein bands were then transferred from the gel to a nitrocellulose membrane using
pre-cut nitrocellulose/filter paper sandwiches from Bio-Rad Laboratories (Hercules, CA,
USA) and the Trans-Blot Turbo transfer system (Bio-Rad, Hercules, CA, USA). Afterward,
the membrane was blocked with 5% bovine serum albumin (BSA) for 1 h to prevent
nonspecific binding. Subsequently, the membrane was incubated overnight at 4 ◦C with
primary antibodies targeting Hsp70, phospho-NF-κB, total-NF-κB, phospho-MLKL, total-
MLKL, Beclin 1, LC3B-II, gasdermin D, TLR4, and β-actin at the recommended dilutions.
Following primary antibody incubation, the membrane was incubated with species-specific
horseradish peroxidase-conjugated secondary antibodies (diluted 1:5000) for 1.5 h. For
protein band visualization, the Pierce ECL Western Blotting substrate (Thermo Fisher
Scientific, Rockford, IL, USA) was used. The blot images were captured using the G: Box
Chemi XX6 and Biorad ChemiDoc MP imaging system, and densitometry analysis was
performed using Image J software V1.53t. This analysis allowed quantification of the
protein bands and assessment of relative protein expression levels.

4.8. ELISA

Serum levels of Hsp70 were estimated in the serum samples collected from the mice
groups using a commercially available mouse heat shock protein 70 (HSPA4) ELISA kit
(cat# RK06376) from Abclonal (Woburn, MA, USA).

4.9. Statistical Analyses

The results are presented as mean ± standard error of the mean (S.E.M.). Statistical
analyses were performed using one-way analysis of variance (ANOVA) and unpaired t-
tests, and significance was determined by the Bonferroni–Dunn post hoc correction method
using GraphPad Prism V10.1.0 Software, Inc. (San Diego, CA, USA). A p-value of less than
0.05 (p < 0.05) was considered statistically significant.
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