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Background & Aims: Many liver diseases are driven by inflammation, but imaging to non-invasively diagnose and quantify
liver inflammation has been underdeveloped. The inflammatory liver microenvironment is aberrantly oxidising owing in part
to reactive oxygen species generated by myeloid leucocytes. We hypothesised that magnetic resonance imaging using the
oxidatively activated probe Fe-PyC3A will provide a non-invasive biomarker of liver inflammation.
Methods: A mouse model of drug-induced liver injury was generated through intraperitoneal injection of a hepatoxic dose of
acetaminophen. A mouse model of steatohepatitis was generated via a choline-deficient, L-amino acid defined high-fat diet
(CDAHFD). Images were acquired dynamically before and after intravenous injection of Fe-PyC3A. The contrast agent gado-
terate meglumine was used as a non-oxidatively activated negative control probe in mice fed CDAHFD. The (post-pre) Fe-
PyC3A injection change in liver vs. muscle contrast-to-noise ratio (DCNR) recorded 2 min post-injection was correlated
with liver function test values, histologic scoring assigned using the NASH Clinical Research Network criteria, and intrahepatic
myeloid leucocyte composition determined by flow cytometry.
Results: For mice receiving i.p. injections of acetaminophen, intrahepatic neutrophil composition correlated poorly with liver
test values but positively and significantly with DCNR (r = 0.64, p <0.0001). For mice fed CDAHFD, DCNR generated by Fe-
PyC3A in the left lobe was significantly greater in mice meeting histologic criteria strongly associated with a diagnosis
NASH compared to mice where histology was consistent with likely non-NASH (p = 0.0001), whereas no differential effect was
observed using gadoterate meglumine. In mice fed CDAHFD, DCNR did not correlate strongly with fractional composition of
any specific myeloid cell subpopulation as determined by flow cytometry.
Conclusions: Magnetic resonance imaging using Fe-PyC3A merits further evaluation as a non-invasive biomarker for liver
inflammation.
Impact and implications: Non-invasive tests to diagnose and measure liver inflammation are underdeveloped. Inflammatory
cells such as neutrophils release reactive oxygen species which creates an inflammatory liver microenvironment that can
drive chemical oxidation. We recently invented a new class of magnetic resonance imaging probe that is made visible to the
scanner only after chemical oxidation. Here, we demonstrate how this imaging technology could be applied as a non-invasive
biomarker for liver inflammation.
© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Acute and chronic liver diseases impose a major burden on
global health, with liver-related mortality accounting for an
estimated 3.5% of deaths worldwide.1 There is an inflammatory
component to most liver disease states, and in many cases
inflammation represents a key driver of disease progression.2,3
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Inflammation is a key factor in histologic scoring of many acute
and chronic liver disease states, but clinical imaging tools to non-
invasively diagnose liver inflammation or characterise inflam-
mation disease activity are underdeveloped.4,5 Imaging probes
targeted to cellular or molecular level changes that occur within
the inflammatory liver microenvironment are challenging to
develop, as the immunologic and excretory functions of the liver
often result in non-specific probe accumulation, leading to high
background signal.6–9

Concentrations of reactive oxygen species (ROS) are tightly
regulated in normal liver, but can be upregulated substantially in
inflammatory disease states.10 During inflammation, infiltrating
myeloid leucocytes secrete ROS into the extracellular spaces via
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activity of the membrane bound nicotinamide adenine dinucle-
otide phosphate oxidase II enzyme, generating an aberrant oxi-
dising liver microenvironment that can result in hepatocellular
injury and drive pathologic activation of hepatic stellate cells,
culminating in loss of liver function and liver fibrosis.2 In this
regard, molecular imaging of liver ROS and/or oxidative changes
within the extracellular spaces of the liver microenvironment
offers a potentially powerful non-invasive marker for disease
activity in inflammatory liver conditions.

We hypothesised that the recently reported oxidatively acti-
vated magnetic resonance (MR) imaging probe Fe-PyC3A could
be used to image ROS upregulation resulting from liver inflam-
mation. Fe-PyC3A is a low molecular weight compound that is
rapidly switched from a complex of divalent iron (Fe2+) to the
corresponding complex of trivalent iron (Fe3+) via ROS-mediated
oxidation.11 In the Fe2+ state, the relaxivity (a measure of MR
imaging probe efficacy) of Fe-PyC3A is very low, rendering the
complex a weak MR signal generator, whereas the corresponding
Fe3+ complex possess over 10-fold greater relaxivity and behaves
as a very effective MR signal generator. Fe-PyC3A is administered
as the low-relaxivity Fe2+ complex, which is favoured in normal
tissues where ROS concentrations and redox potential are tightly
regulated, but converts to the high-relaxivity Fe3+ complex in
inflamed tissue with expanded populations of ROS-releasing
myeloid leucocytes.

In this study, we evaluated whether MR imaging using Fe-
PyC3A is capable of detecting pathologic changes in liver
myeloid leucocyte content in mouse models of drug-induced
liver injury (DILI) and non-alcoholic steatohepatitis (NASH).
Materials and methods
Animal models
Animals received humane care per criteria outlined in the NIH
Guide for the Care and Use of Laboratory Animals and were
approved by the Massachusetts General Hospital Institutional
Animal Care and Use Committee. Experiments were designed and
reported in accordance with Animal Research: Reporting in Vivo
Experiments (ARRIVE) guidelines.12 DILI was generated in male
C57BL/6 mice (5 weeks of age) by administering a hepatotoxic
dose of acetaminophen (formulated at 15 mg/ml in saline)
intraperitoneally. Mice received either 300 mg/kg acetaminophen
(N = 9), 450 mg/kg acetaminophen (N = 19), or saline vehicle (N =
12). The 300 mg/kg and 450 mg/kg acetaminophen doses
required injection volumes of 0.5 ml and 0.75 ml, respectively. For
vehicle-treated mice, 0.5 ml saline was injected to N = 2 and
0.75 ml saline injected to N = 10 mice. Imaging was performed
between 16 and 22 h after i.p. injections. Imaging and flow
cytometry data exhibited substantial variability within these
groups. For comparisons, group sizes of N = 9 provide 80% power
to detect a 300% difference in mean liver signal enhancement or
intrahepatic myeloid cell content, assuming a relative standard
deviation of 80% and alpha = 0.05. To induce steatohepatitis, L-
amino acid diet with 60 kcal% fat with 0.1% added methionine and
no added choline (i.e. choline deficient, high-fat diet, or
CDAHFD)13 purchased from Research Diets (New Brunswick, NJ,
USA) was administered to male C57BL/6 mice starting at 5 weeks
of age. For experiments to evaluate Fe-PyC3A imaging in the
context of histologic scoring, mice were imaged following regi-
mens of CDAHFD lasting either 2 days (N = 4), 5 days (N = 3), 7
days (N = 4), or 13 days (N = 2). A group of age-matched mice
receiving normal diet were also imaged (N = 3). Study of mice on
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CDAHFD ranging between 0 (normal diet) to 13 days of nutritional
NAFLD induction enabled imaging of the non-alcoholic fatty liver
disease (NAFLD) activity score (NAS) ranging 0–7 and 0–8 within
the left and right lobes, respectively. These mice yielded groups of
N = 9 left-lobe specimens that scored NAS <−3 and N = 5 that
scored NAS >−5 (see Materials and methods: Ex vivo tissue anal-
ysis). For experiments to correlate Fe-PyC3A imaging with intra-
hepatic myeloid cell content determined using flow cytometry,
age-matched mice were imaged 4 weeks (N = 5 CDAHFD, N = 4
normal diet), 6 weeks (N = 6 CDAHFD, N = 4 normal diet), and 8
weeks (N =6 CDAHFD, N = 4 normal diet) after diet was initiated.
Because no significant differences were observed for mice fed
between 4 and 8 weeks normal diet, the mice were treated as a
single group of N = 12. Intrahepatic macrophage composition
changes substantially between 4 and 8 weeks after nutritional
NAFLD induction, and imaging within this window enabled us to
better examine correlations between Fe-PyC3A liver enhance-
ment and myeloid cell subpopulations. For comparisons between
mice receiving CDAHFD, group sizes of N = 5 provide 80% power
to detect 200% difference in mean values, assuming a relative
standard deviation of 50% and alpha = 0.05. Each mouse was
euthanised after imaging. A total of 86 mice were used in this
study.

Imaging probes
Fe-PyC3A is the iron complex of N-picolyl-N,N0,N0-trans-1,2-
cyclohexyleneiaminetriacetic acid. The relaxivity, r1, values of
Fe-PyC3A in the Fe2+ and Fe3+ oxidation states are 0.18 mM−1 s−1

and 2.4 mM−1 s−1 at 4.7T and room temperature, respectively.11

Fe-PyC3A was isolated in the low-relaxivity Fe2+ state and
formulated in water at a concentration of 100 mM. Gadoterate
meglumine (Gd-DOTA) is an extracellular fluid MRI contrast
agent market by Guerbet. Gd-DOTA was formulated at 100 mM.

Magnetic resonance imaging and analysis
Mice were imaged with a 4.7T small bore scanner (Bruker Bio-
spec) with a custom-built volume coil. To deliver Fe-PyC3A
intravenously, the mouse tail vein was cannulated while
sedated via a nose cone-delivered mixture of isoflurane and ox-
ygen (1–2% iso), and sedation was maintained during the MR
imaging protocol. Animals were dynamically imaged by repeating
a coronal multi-slice 2D T1-weighted gradient echo sequence
(echo time [TE]/repetition time [TR]= 2.9/190.4 ms, flip angle
[FA] = 60�, matrix = 140 × 140, field of view = 33 mm × 33 mm,
slice thickness = 1 mm, acquisition time = 104 s) before and up to
25 min after injection of 0.2 mmol/kg Fe-PyC3A (2 ll solution per
gram body weight) via tail vein injection. For mice fed CDAHFD or
normal diet, a six-point multiple gradient echo (MGE) Dixon scan
to quantify liver fat fraction was also acquired before Fe-PyC3A
injection (TE = 1.46, 2.19, 2.92, 3.65, 4.38, 5.11, TR = 140 ms,
FA = 15�, matrix = 128 × 128, field of view: 33 mm × 33 mm, slice
thickness = 1 mm, slices = 15). Fat fraction was obtained with
Matlab (Mathworks, Natick, MA, USA) using the Dixon 3 in-phase
and 3 out-of-phase images, an iterative least squares estimation
method, and T2* correction modelling.14,15 For mice imaged be-
tween 0 and 13 days after CDAHFD injection, 0.1 mmol/kg Gd-
DOTA (1 ll per gram body weight) was injected 30 min after
Fe-PyC3A, at which point liver signal enhancement did not differ
significantly from pre-injection levels.

MR images were analysed with the ImageJ and Horos soft-
ware. Regions of interest (ROI) were drawn in the left and right
liver lobes, back muscle, and air outside of the animal. Liver vs.
2vol. 5 j 100850



muscle contrast-to-noise ratios (CNRs) were computed using the
following formula, where SI corresponds to mean signal intensity
in the ROI and noise is defined as the standard deviation of the
signal in the ROI drawn in the air outside of the animal.

CNR¼ðSIliver−SImuscleÞ
noise

The magnitude of Fe-PyC3A related liver enhancement was
expressed as the (post-pre)injection change in liver vs. muscle
CNR (DCNR).

Serum liver test analysis
Serum was harvested from subsets of mice receiving i.p. in-
jections of vehicle (N = 6) or 450 mg/kg acetaminophen (N = 11)
immediately after euthanasia. Serum was submitted to the MGH
Center for Comparative Medicine Core for quantification of liver
function markers.

Ex vivo tissue analysis
Liver tissue from representative subsets of mice receiving i.p.
injections of vehicle and with normal liver function tests (N = 4)
or with acetaminophen and with alanine aminotransferase (ALT)
elevated five-fold or more above the normal upper limit (N = 8)
were stained with haematoxylin and eosin stain (H&E) for his-
tological analysis including signs of necrosis and inflammation.
For mice studied in the context of NASH imaging, H&E stained
specimens were analysed in a blinded manner and graded for
steatosis (0–3), lobular inflammation (0–3) and hepatocellular
ballooning (0–2) according to the NASH Clinical Research
Network (CRN) criteria,16 and a semi-quantitative NAS (range
0–8) was determined from the unweighted sum of these values.
NAS >−5 is associated with a likelihood of NASH, whereas NASH is
unlikely in NAS <−3. Specimens receiving NAS >−5, NAS <−3, and
NAS = 4 were grouped as ‘likely NASH’, ‘likely non-NASH’, and
‘borderline’, respectively. Sirius Red staining was used to stage
fibrosis. Details of flow cytometry and myeloperoxidase immu-
nostaining are described in the Supplementary information
(Fig. S1).

Statistics
Comparisons of serum liver tests in mice treated with vehicle
and acetaminophen and of DCNR2m recorded in mice with NAS
corresponding to likely non-NASH and likely NASH were made
by a two-sided unpaired t test. Comparisons of intrahepatic
myeloid cell sub-populations and of DCNR2m between groups
receiving vehicle, 300 mg/kg, and 450 mg/kg acetaminophen, or
between groups fed normal diet and 4-, 6-, and 8-week regimens
of CDAHFD were made by one-way ANOVA followed by Tukey’s
post-hoc test for multiple comparisons. Correlations were
determined by calculating the Pearson’s product moment cor-
relation coefficient, significance was determined using a two-
tailed test. Values recorded in the right and left liver lobes
were analysed independently. For all comparisons and correla-
tions p <0.05 was considered significant.

Results
Molecular MR imaging of liver inflammation in a mouse
model of DILI
To investigate whether MR imaging using Fe-PyC3A was capable
of detecting liver inflammatory changes associated with DILI, mice
were imaged between 16 and 22 h after i.p administration of a
JHEP Reports 2023
hepatotoxic dose of either 300 mg/kg or 450 mg/kg acetamino-
phen, or saline vehicle as control. Based on the previously studied
pharmacokinetics of the isostructural compound Mn-PyC3A,17–20

i.v. administration of Fe-PyC3A is expected to rapidly distribute
through the liver extracellular spaces, and then clear within mi-
nutes partially through hepatocellular uptake. We thus hypoth-
esised that MR imaging data acquired at early time points
consistent with predominantly extracellular liver distribution of
Fe-PyC3A would be most sensitive to the presence of ROS-
releasing myeloid cells. In this regard, MR imaging 2 min after
Fe-PyC3A injection (extracellular phase) and at delayed time
points where substantial hepatocellular accumulation of Fe-PyC3A
are anticipated were separately correlated with intrahepatic
neutrophil and macrophage composition determined by flow
cytometry. Serum from subsets of mice receiving either vehicle or
450 mg/kg acetaminophen was analysed to compare the speci-
ficity of MRI using Fe-PyC3A vs. serum liver tests to detect changes
in liver inflammatory infiltrate.

Liver tests do not reflect large variations in liver
inflammatory infiltrate composition
Serum levels of albumin, alkaline phosphatase (ALP), ALT,
aspartate transaminase (AST), bilirubin, gamma-glutamyl trans-
ferase, total globulin, and total protein recorded from subsets of
mice treated with vehicle or acetaminophen are compared in
Table S1. Serum analysis identified significantly elevated levels of
ALP, ALT, and AST in mice treated with acetaminophen over mice
receiving vehicle (160 ± 23 U/L vs. 130 ± 21, p = 0.026 for ALP;
8,100 ± 5,900 vs. 150 ± 200 U/L, p = 0.011 for ALT; 3,700 ± 2,600
vs. 450 ± 710, p = 0.0020 U/L for AST, Fig. 1A–C, respectively).
Acetaminophen overdose resulted in ALT levels greater than five-
fold over the normal upper limit in every mouse analysed,
consistent with DILI.21 Liver function markers were within the
normal reference range for most vehicle treated mice. Serum ALT
levels above the normal upper limit were recorded for one
vehicle-treated mouse, and AST levels were elevated for two, but
these relatively modest increases are not consistent with DILI.21

H&E staining identifiedanecroinflammatorypatternof injury in
mice receiving acetaminophen overdose, also consistent with DILI
(Fig. S2). Liver parenchyma showed necrosis involving the peri-
venular zone 3 parenchyma with extension into zone 2. The in-
flammatory response involves the recruitment of neutrophils and
monocytes. Marked congestion of central veins was also observed
following acetaminophen overdose. Necroinflammatory changes
were not observed in mice that did not receive acetaminophen.

The relative percentages of left liver lobe leucocyte compo-
sition comprising neutrophils and macrophage sub-populations
after treatment with either with vehicle, 300 mg/kg, or
450 mg/kg acetaminophen are compared in Fig 1D–G and
Table S2. Intrahepatic neutrophil (CD45+Ly6G+) content and M1
macrophage (CD45+CD11b+F4/80+CD11c+) content varied sub-
stantially within each treatment group and no significant dif-
ferences were observed between groups (Fig. 1D and E).
Migratory macrophage (CD45+CD11b+F4/80+CCR2+) composition
was significantly elevated in the group receiving 450 mg/kg
acetaminophen (Fig. 1F), whereas no differences in M2 macro-
phage (CD45+CD11b+F4/80+CD206+) composition were observed
between treatment groups (Fig. 1G). Values recorded in the
separately analysed right lobe were comparable and are pro-
vided in Table S3. Taken together, the data indicate that although
serum markers of liver function were capable of distinguishing
DILI following acetaminophen overdose, the values do not reflect
3vol. 5 j 100850
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Fig. 1. Serum markers of liver function and intrahepatic myeloid cell content after treatment with either acetaminophen or vehicle. ALP (A), ALT (B), and
AST (C) values plotted on log scale were elevated significantly in mice receiving 450 mg/kg compared with mice receiving vehicle. The dashed lines correspond to
the normal upper limit. ALT levels were above thresholds consistent with DILI (ALT >− five times the normal upper limit) for all acetaminophen-treated mice, and
beneath DILI thresholds for all vehicle-treated mice. (D–G) Flow cytometry assay indicates that the percentage of intrahepatic leucocytes comprised of neu-
trophils (D), M1 macrophages (E), CCR2 macrophages (F), and M2 macrophages (G) varies substantially within treatment groups. With the exception of elevated
CCR2 macrophage content in mice receiving 450 mg/kg acetaminophen, intrahepatic myeloid cell content does not differ significantly between treatment groups.
Statistics: data in (A–C) compared using the two-sided unpaired t test, data in (D–G) compared using one-way ANOVA followed by Tukey’s post-hoc test for
multiple comparisons. *p <0.05, **p <0.005, ***p <0.0005, ****p <0.0001. ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate transaminase.
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differences in liver inflammatory infiltrate composition. Liver
test values correlated poorly with intrahepatic neutrophil
composition (Table S4).

Liver signal enhancement at early time points following Fe-
PyC3A injection correlates with intrahepatic neutrophil
content
MR images recorded 2 min after Fe-PyC3A injection revealed
differentially greater liver signal enhancement in mice where
flow cytometry assay indicated higher levels of intrahepatic
neutrophil content. The effect is illustrated by the representative
coronal MR images of mice recorded before and 2 min after Fe-
PyC3A injection shown in Fig. 2A–C, with corresponding H&E
staining and flow cytometry dot plots showing Ly6G out of CD45
for liver tissue harvested from each mouse shown in the same
rows. The images in Fig. 2A were acquired from a vehicle-treated
mouse for which serum liver markers were found within the
normal reference ranges, H&E staining indicated normal liver,
and relatively low intrahepatic neutrophil content was recorded
by flow cytometry. Note that Fe-PyC3A injection results in very
little MR signal enhancement within the liver or in any adjacent
tissue. The images in Fig. 2B correspond to an acetaminophen-
treated mouse for which serum markers of hepatocellular
damage were elevated to levels consistent with DILI21 and H&E
JHEP Reports 2023
staining indicated substantial hepatocellular injury, but for
which intrahepatic neutrophil levels remain relatively low. Here
too, Fe-PyC3A generated little liver signal enhancement 2 min
after injection. The images in Fig. 2C correspond to an
acetaminophen-treated mouse with DILI confirmed by both
serologic markers and histology and also exhibiting an acute
inflammatory response evidenced by comparatively higher
intrahepatic neutrophil content. Here, strong liver MR signal
enhancement is observed 2 min after Fe-PyC3A injection.
Although strong liver signal enhancement occurs, little signal
enhancement is observed in the blood pool or adjacent muscle
tissue, consistent with MR signal response that is specific to the
inflamed liver tissue.

The (post-pre)injection liver vs. muscle contrast-to-noise ra-
tio (DCNR) values recorded 2 min after injection (DCNR2m)
correlate positively and significantly (r = 0.64, p <0.0001) with
intrahepatic neutrophil content (Fig. 1D and Table S5). The
relative degree of liver signal enhancement 2 min after Fe-PyC3A
appears to be weighted more heavily to the presence of neu-
trophils than any of the macrophage subpopulations analysed,
which all correlated poorly with DCNR2m.

The differential MR liver signal enhancement demonstrated
in Fig. 2C is a largely transient effect, with liver signal decreasing
rapidly after 2 min post-injection (Fig. S3).
4vol. 5 j 100850
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Molecular MR imaging of liver inflammation in a mouse
model of NASH
We performed two experiments to investigate whether MR im-
aging using Fe-PyC3A was capable of detecting pathologic and
inflammatory changes in a mouse model of NASH. To evaluate
imaging with Fe-PyC3A as a potential proxy for histopathologic
changes, we imaged mice receiving regimens of CDAHFD ranging
between 2 and 13 days, and mice fed normal diet. For imaging
comparisons, mice with NAS <−3 and NAS >−5 were grouped as
likely non-NASH and likely NASH, respectively, based on criteria
JHEP Reports 2023
proposed by the NASH CRN.16 The imaging data were also corre-
lated with histologic scores and myeloperoxidase immunostain-
ing. To evaluate whether MR imaging using Fe-PyC3A in steatotic
liver was sensitive to changes in composition of intrahepatic
myeloid cell sub-populations, we imaged mice fed 4-, 6-, and 8-
week regimens of CDAHFD, and age-matched control mice fed
normal diet. The mice were grouped for analysis according to
differences in steatosis and intrahepatic myeloid cell content, and
the imaging data correlated with neutrophil and macrophage sub-
population fractional composition determined via flow cytometry.
5vol. 5 j 100850
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NASH can occur within 2 days of CDAHFD initiation and
disease progresses faster in the right lobe
MRI and H&E staining demonstrated that pathologic changes
associated with NASH occur within 2 days of CDAHFD initiation,
and that disease progresses more rapidly in the right lobe of the
liver as compared with the left lobe (Fig. 3). The axial T2-
weighted liver images (Fig. 3A) and corresponding protein den-
sity fat fraction (PDFF) maps generated from DIXON MRI (Fig. 3B
and C) show how steatosis progresses from normal diet out to 13
days on CDAHFD, and demonstrate an overall greater accumu-
lation of fat in the right liver lobe during this period. Histologic
assessment (Fig. 3D and Fig. S4) of the right lobe confirmed
NASH in two of the four mice imaged after only a 2-day regimen
of CDAHFD, whereas specimens harvested from the left lobe
received NAS ranging between 0 and 2. Taken together, imaging
mice fed normal diet and mice on CDAHFD for periods ranging
between 2 and 13 days enabled us to evaluate Fe-PyC3A imaging
in mice receiving NAS scores ranging between 0 and 7 in the left
lobe and 0 and 8 in the right lobe. Fibrosis stage <−2 was deter-
mined for all liver specimens.
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Liver myeloid cell content is expanded significantly in mice
fed CDAHFD
H&E staining and Dixon MR imaging confirmed a high degree of
steatosis in the CDAHFD-fed mice that did not change between 4
and 8 weeks on diet (Fig. S5). Myeloperoxidase immunostaining
indicates that myeloperoxidase-positive cell content in mice fed
4- and 6-week regimens is roughly double that found in mice fed
normal diet, and then again expands significantly between 6 and
8 weeks (Fig. 4A and B).

Flow cytometry analysis of left lobe leucocyte composition
indicates that neutrophil fractional composition is modestly, but
not significantly, increased in mice fed CDAHFD compared with
normal diet, and does not change significantly between 4 and 8
weeks on CDAHFD (Fig. 4C and Table S6). Fractional composition
comprising M1 and CCR2 macrophages recorded after 4 weeks
on CDAHFD did not differ significantly from mice fed normal
diet, but both M1 and CCR2 migratory macrophages increased
significantly between 4 and 6 weeks, and then again between 6
and 8 weeks (Fig. 4D and E). After 4 and 6 weeks on the CDAHFD,
fractional M2 macrophage composition did not differ from that
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recorded in normal liver, but by 8 weeks increased significantly
compared with normal liver and to liver after 4 weeks CDAHFD
(Fig. 4F). Values recorded in the separately analysed right lobe
were comparable and are provided in Table S7.

Fe-PyC3A distinguishes non-NASH vs. NASH in left liver lobe
Representative axial T1-weighted images recorded before and
2 min after injection of Fe-PyC3A to mice receiving histologic
scores consistent with NAS <−3 (likely non-NASH) and NAS >−5
(likely NASH) based on analysis of the liver left lobe are
compared in Fig. 5A and B, respectively. Intravenous Fe-PyC3A
injection generated very little liver signal enhancement in the
mouse assigned to the likely non-NASH group whereas a modest
degree of liver signal enhancement is observed in the mouse
assigned to the likely NASH group. The DCNR2m values recorded
in the left liver lobe for mice designated as likely non-NASH and
likely NASH based on histologic evaluation are compared in
Fig. 5C, and demonstrate that left lobe enhancement is signifi-
cantly greater (p = 0.0001) in mice assigned to the likely NASH
group. The DCNR2m values correlated positively and significantly
with steatosis grade (r = 0.74, p = 0.0009) and hepatocellular
ballooning (r = 0.69, p = 0.006), and tracked loosely but not
significantly with inflammation grade (r = 0.45, p = 0.072) and
myeloperoxidase positive cell content determined by immuno-
histochemistry (r = 0.48, p = 0.058). The time course of mean
DCNR recorded in likely non-NASH and likely NASH mice are
compared in Fig. S6, and demonstrate that the differential liver
enhancement in NASH is transient and diminishes in magnitude
by 4 min post-injection.

Left lobe MR signal enhancement after injection of the
extracellular fluid MR imaging contrast agent Gd-DOTA did not
distinguish between likely NASH and likely non-NASH (p = 0.92),
The DCNR2m values generated by Gd-DOTA are shown in Fig. S6,
and the DCNR time course in Fig. S7. Left lobe enhancement after
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injection of Gd-DOTA also exhibited no correlation with any
scoring component comprising NAS or with myeloperoxidase
positive cell content (Table S8).

Interestingly, signal enhancement recorded in the right lobe
of the liver did not differ significantly between likely non-NASH
vs. likely NASH groups and did not correlate with any histologic
score after injection with either Fe-PyC3A or Gd-DOTA (Table S9).

Fe-PyC3A MR signal enhancement in liver with advanced
steatosis did not correlate definitively with any specific
component of inflammatory infiltrate
Representative coronal abdominal T1-weighted images recorded
before and 2 min after injection of Fe-PyC3A to mice fed normal
diet or a 6-week regimen of CDAHFD are compared in Fig. 6A and
B, respectively, and demonstrated a greater degree of liver signal
enhancement in the CDAHFD-fed mouse. The DCNR2m values
recorded for groups of mice receiving 4-, 6-, and 8-week regi-
mens of CDAHFD are all significantly greater than for age-
matched mice receiving normal diet (Fig. 6C). The differential
enhancement observed in CDAHFD-fed mice reflects the overall
increase in intrahepatic myeloperoxidase-positive cell content
similar to that shown in Fig. 4. However, as time on diet pro-
gresses from 4 weeks to 8 weeks, the DCNR2m values do not
reflect relative differences in the flow cytometry data. For
CDAHFD-fed mice, the DCNR2m values did not correlate strongly
or definitively with fractional composition of neutrophils or any
macrophage sub-population (Table S10).
Discussion
Most acute and chronic liver disease states possess an inflam-
matory component. For example, inflammation is identified
nearly invariantly on liver biopsy samples of patients suffering
from DILI,22 which is the most frequent form of drug-related
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adverse event and a leading cause of acute liver failure.21,23

Inflammation is also a key driver of chronic liver diseases.2,3

Most major histologic scoring systems to diagnose or assess ac-
tivity of chronic liver diseases, including scoring systems specific
to viral hepatitis,24–26 autoimmune hepatitis,27,28 NAFLD,16,29

alcohol-related liver disease,16,30,31 and cholangitis32,33 account
for the presence of inflammation. Histologic assessment of
inflammation often guides key decisions regarding patient
management and therapeutic options. For example, inflamma-
tion is a key driver of NASH and an independent predictor for
progression to advanced fibrosis.34 For patients with chronic
hepatitis B, decisions regarding the initiation of antiviral treat-
ment are often based on the presence of liver inflammation.35,36

Liver inflammation is also believed to lower thresholds for drug
hepatotoxicity and may be weighed as a risk factor during
therapeutic planning.22,37

Non-invasive biomarkers for liver inflammation are lacking.
Serologic markers offer limited information regarding inflam-
mation. Stiffness measurements using MR elastography and
functional liver imaging using the hepatobiliary-specific MR
imaging contrast agent gadoxetate are emerging as tools to im-
age and stage fibrosis in advanced liver disease,38–40 but imaging
tools for inflammation are underdeveloped.5 Non-invasive im-
aging of inflammation could offer substantial value in the
context of chronic liver disease, as clinically significant progres-
sion and resolution of fibrosis occurs more slowly than changes
in disease activity.29 Multiparametric MR imaging including
measurements of PDFF and MR elastography damping ratio is
being experimentally evaluated as proxy for NAS.41,42 Molecular
imaging using probes targeted to specific cell- or molecular-level
drivers of inflammation offers a potentially powerful non-
invasive biomarker to detect, map, and quantify inflammation
disease activity, but molecular imaging of liver inflammation
faces specific challenges. For example, while nanoparticle-based
MR imaging probes can be successfully applied to image infil-
tration of phagocytic immune cells in many organs,6 the liver is
an immunologic organ with a large population of resident
macrophages, resulting in the confound of high non-specific
background signal.7,8 Similarly, small molecule positron emis-
sion tomography tracers like 18F-fluorodeoxyglucose, which are
commonly used to image macrophage activation, also accumu-
late in hepatocytes resulting in non-specific background signal.9

Other studies have taken an opposite approach by demon-
strating how steatosis-associated dysfunction of resident liver
macrophages lessens liver accumulation of small and ultrasmall
superparamagnetic iron-oxide particles and concomitant T2*
shortening.43 Liver uptake of ferumoxytol was shown to be
significantly decreased in patients with NAS >−5 compared with
those with NAS ranging 2–3 or with normal liver.44

An alternate approach to imaging liver inflammation is to use
low molecular weight imaging probes targeted to molecular
markers located within the liver extracellular spaces. For
example, delayed phase MR imaging using the myeloperoxidase-
specific gadolinium-based probe Gd-MPO, which is polymerised
and retained within the inflammatory microenvironment, was
shown to distinguish NASH vs. simple steatosis in mice.45 In
another study, MR imaging of liver extravascular coagulation
using the fibrin-specific and gadolinium-based MR imaging probe
EP2104R was demonstrated as a potential marker of liver
inflammation induced through exposure to diethylnitrosamine.46

We hypothesised that MR imaging using Fe-PyC3A could
enable rapid visualisation, and potentially quantitation, of liver
JHEP Reports 2023
inflammation through detection of oxidative changes within the
liver extracellular spaces resulting from myeloid cell respiratory
burst activity. Based on prior detailed study of the pharmacoki-
netics of the isostructural compound Mn-PyC3A, which is being
developed as an extracellular fluid MR imaging contrast
agent,17–20 intravenously injected Fe-PyC3A is expected to
rapidly distribute through the extracellular fluid spaces and
wash out within minutes through mixed renal (�85%) and
hepatobiliary (�15%) excretion. Prior proof-of-concept imaging
using a mouse model of pancreatitis showed that Fe-PyC3A
generated strong MR signal enhancement of inflamed pancre-
atic tissue just minutes after injection followed by rapid signal
washout consistent with expected extracellular distribution and
rapid clearance. In that study, pancreatic MR signal enhancement
was highly correlated with the presence of infiltrating myeloid
cells determined via an ex vivo assay to quantify myeloperox-
idase activity levels in pancreatic tissue.11

Our data indicate that Fe-PyC3A differentially generates pos-
itive MR signal enhancement in inflamed liver tissue. In the set of
mice receiving either a hepatotoxic dose of acetaminophen or
saline vehicle, the DCNR2m values appears to trend with differ-
ences in intrahepatic neutrophil content that were not reflected
in a panel of serologic markers commonly used to assess liver
injury and to establish diagnosis of DILI in the clinical setting.21 It
is unclear why the inflammatory response varied so greatly in
the acetaminophen group or why some animals in the group
receiving vehicle exhibited a robust inflammatory response. We
note that mean intrahepatic neutrophil content is substantially
lower and the values less varied in the normal diet mice which
did not receive i.p. injection of 500–750 ll vehicle. Nonetheless,
the imaging data underscores how liver function tests lack
specificity regarding liver inflammatory changes and highlights
the potential power of MR imaging with Fe-PyC3A as a
biomarker for liver inflammatory change.

MR imaging just 2 min after Fe-PyC3A injection was found to
differentially generate MR liver signal enhancement in liver left
lobe samples meeting histologic criteria consistent with NASH
(NAS >−5) that was significantly greater than in samples that were
scored likely non-NASH (NAS <−3). In contrast, liver enhancement
observed using the extracellular fluid MRI contrast agent Gd-
DOTA cannot distinguish NASH from likely non-NASH and
correlated poorly with histologic measures of disease activity.
Such findings further support the hypothesis that liver
enhancement by Fe-PyC3A reflects oxidative changes rather than
changes related to liver vascularisation and perfusion.

Amongst the myeloid cell populations assayed in our limited
flow cytometry analysis, liver signal enhancement after Fe-
PyC3A injection appears to have the strongest association with
intrahepatic neutrophils, which are generally regarded as very
potent ROS generators.47 This is evidenced by the observation
that early liver signal enhancement in DILI correlated most
strongly with neutrophils. Similarly, the observation that early
liver enhancement does not differ in mice on CDAHFD for be-
tween 4 and 8 weeks may be partially rationalised by the
observation that neutrophil composition is largely unchanged
within these groups. However, we note that the oxidising
microenvironment is a functional property of inflamed tissue
and the degree to which Fe-PyC3A activation occurs is likely
dependent upon the degree of inflammatory cell infiltration, cell
composition of the inflammatory infiltrate, as well as the respi-
ratory burst activity of the various cell subpopulations. Further
study is needed to more rigorously establish mechanistic links
9vol. 5 j 100850
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between Fe-PyC3A liver signal generation and specific drivers
contributing to the oxidising liver microenvironment.

Fe-PyC3A represents a novel molecular imaging technology
that exhibits desirable features for potential imaging of liver
inflammation in humans. As shown above, oxidatively driven
switching from the low-relaxivity Fe2+ state to the high-
relaxivity Fe3+ state minimises the non-specific background
signal in normal tissues while generating positive MR signal in
inflamed liver tissue in T1-weighted MRI acquisitions similar to
those routinely used in clinical practice. Comparisons of liver
signal enhancement to reference tissue such as muscle may
enable quantitation of inflammatory disease activity, analogous
to how DCNR values were shown above to reflect intrahepatic
neutrophil content in DILI and to correlate with NAS. The rapid
Fe-PyC3A signal response is also advantageous for clinical im-
aging. Most molecularly targeted MR imaging probes and ra-
diotracers generate a non-specific signal, and thus require a long
delay between injection and imaging to allow for washout of the
unbound probe. However, the near instantaneous oxidatively
mediated response of Fe-PyC3A would enable imaging that is
compatible with currently established high-throughput radio-
logic workflows. Another potentially attractive feature of Fe-
PyC3A is that it utilises iron, rather than gadolinium, as the MR
signal generating component. Gadolinium-based MR imaging
probes have come under increasing regulatory scrutiny over
concerns of toxicity related to residually retained gadolin-
ium.48–50 Iron however, is a nutritional element present in gram
quantities in human adults.

There are some limitations to the study. Our study was
designed to evaluate MR imaging using Fe-PyC3A in the context
of intrahepatic myeloid cell content, but it did not include
measurements to assess non-immunologic sources of intra-
hepatic ROS that may also contribute to Fe-PyC3A oxidation and
liver signal increase. For example, acetaminophen hepatotoxicity
arises from both depletion of hepatocyte anti-oxidant defence
mechanisms and disruption of the mitochondria electron
JHEP Reports 2023
transport chain resulting in hepatocellular oxidative stress.51

Given the expected partial hepatobiliary clearance of Fe-
PyC3A,11,17–20 probe oxidation by ROS present within oxidatively
stressed hepatocytes may not be ruled out as a driver of liver
signal enhancement. We also note that although our flow
cytometry assay provided information on fractional composition
of myeloid cell subpopulations out of leucocytes, the data do not
inform on relative differences in absolute quantity. Another
limitation is that ROS generating myeloid cells represents only
one facet of the nuanced cellular determinants of liver inflam-
mation. For example, immune cells of lymphoid origin such as
cytotoxic T-cells, although not typically associated with ROS
generation are also key drivers of disease activity in inflamma-
tory liver conditions. The observation that Fe-PyC3A liver
enhancement tracked only loosely with lobular inflammation
and with myeloperoxidase immunostaining may partially reflect
this limitation. Finally, it is important to note that although im-
aging using Fe-PyC3A was shown to distinguish likely NASH vs.
likely non-NASH in the liver left lobe, the imaging failed to
distinguish likely NASH vs. likely non-NASH in the right lobe. It is
presently unclear why Fe-PyC3A performance is not consistent
across different sections of the liver. We do note that for speci-
mens where imaging was correlated with histology, more severe
steatosis was observed in the right lobe. Prior studies have
demonstrated that increasing steatosis blunts the magnitude of
liver signal enhancement following contrast agent injection.52 A
limitation of this work is that we did not examine increased fat
fraction as a potential confounding factor for our imaging.

The results of our study preliminarily indicate that the
oxidatively activated MR imaging probe Fe-PyC3A generates liver
signal differentially within the oxidising inflammatory liver
microenvironment. The results indicate that MR imaging using
oxidatively activated iron-based MR imaging probes such as Fe-
PyC3A, or future optimised iterations of this technology, war-
rants further evaluation and development for non-invasive im-
aging of liver inflammation.
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