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Abstract

Liver fibrogenesis is accompanied by upregulation of lysyl oxidase enzymes which catalyze 

oxidation of lysine ε-amino groups on extracellular matrix proteins to form the aldehyde 

containing amino acid allysine (LysAld). Here, we describe the design and synthesis of novel 

manganese-based MRI probes with high signal amplification for imaging liver fibrogenesis. 

Rational design of a series of stable hydrazine equipped manganese MRI probes gives Mn-2CHyd 
with the highest affinity and turn-on relaxivity (4-fold) upon reaction with LysAld. Dynamic 

PET-MRI study using [52Mn]Mn-2CHyd showed low liver uptake of the probe in healthy mice. 

The ability of the probe to detect liver fibrogenesis was then demonstrated in vivo in CCl4 injured 

mice. This study enables further development and application of manganese-based hydrazine 

equipped probes for imaging liver fibrogenesis.
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INTRODUCTION

Liver fibrosis is a major cause of morbidity and mortality in liver diseases due to 

chronic inflammation arising from viral hepatitis B or C infection, autoimmune and biliary 

diseases, alcoholic and nonalcoholic steatohepatitis, etc.1, 2 Fibrosis is characterized by 

the progressive accumulation of extracellular matrix (ECM) components in liver and has 

high potential to progress into cirrhosis, hepatocellular carcinoma, liver failure, and/or 

death, making it a great economic and societal burden.3 Moreover, advanced fibrosis is 

classically considered irreversible and the only curative treatment for end stage cirrhosis is 

transplantation, highlighting the need for early detection. Biopsy is the clinical gold standard 

for accessing the onset of liver fibrosis and its disease activity, i.e. fibrogenesis, and for 

pathologically staging the severity of liver fibrosis, but biopsy is invasive, suffers sampling 

error, and has complication risk.4 The lack of non-invasive methods to detect and quantify 

liver fibrogenesis greatly hampers the diagnosis of liver fibrosis and hampers development 

of new therapies.

In liver fibrogenesis, chronic liver damage leads to the activation and proliferation of hepatic 

stellate cells which remodel ECM.1, 2 Upregulation of the lysyl oxidase (LOX) family 

of enzymes catalyze oxidation of lysine ε-amino groups on ECM (chiefly collagen) to 

form aldehyde allysine (LysAld) which then undergoes cross-linking reactions with other 

proteins to stabilize the fibrotic ECM (Figure 1). Our group has demonstrated that LysAld 

is a biomarker of fibrogenesis and that gadolinium-based magnetic resonance (MR) probes 

functionalized with hydrazine moiety can covalently bind to LysAld in vivo to robustly 

stage and quantify fibrogenesis.5, 6 However, there is concern about the long-term safety 

of Gd-based contrast agents.7 Gadolinium is associated with nephrogenic systemic fibrosis, 

a potentially lethal disorder with scleroderma-like skin lesions that occurs in patients with 

reduced kidney function.

Manganese complexes are promising alternatives for Gd3+ complexes as MRI contrast 

agents.8 High spin Mn(II) complexes have a high spin quantum number S = 5/2, long 
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electronic relaxation times, and fast water exchange of coordinated water ligands (>106 s−1), 

which together result in potent relaxation of water protons. Manganese is also an essential 

element in the human body and small amounts of retained manganese may be processed and 

cleared via endogenous mechanisms. Moreover, Mn has a positron emission tomography 

(PET) isotope 52Mn with the half-life of 5.6 day, allowing the assessment of whole-body 

pharmacokinetics over a period of days using PET-MRI.9 However, Mn(II) complexes are 

in general labile due to the absence of ligand field stabilization energy,10 and only limited 

examples of Mn(II) complexes with high thermodynamic and kinetic stability have been 

reported so far.11–13 This is a particular challenge for imaging pathology in the liver since 

free Mn2+ is avidly taken up by hepatocytes in normal liver and would lead to a high 

background signal. Design of responsive and targeted manganese contrast agents is much 

more challenging.14, 15

A manganese-based MR probe for imaging liver fibrogenesis must meet several 

requirements: 1) low relaxivity when not bound to LysAld to minimize background signal; 

2) high relaxivity when bound to LysAld to increase signal at site of fibrosis; 3) high kinetic 

inertness to prevent release of free Mn2+ which would lead to high liver background signal; 

4) minimal hepatobiliary elimination of the intact complex to minimize liver background; 

5) redox stable Mn2+ complex, as Mn3+ can oxidize hydrazine.16 Based on these design 

requirements, here we synthesize novel hydrazine equipped manganese-based MRI probes 

for detection of liver fibrogenesis.

RESULTS AND DISCUSSION

Probe design and synthesis

We designed dual binding manganese probes based on cis-Mn-1,4-DO2A (Figure 2a) 

which was shown to be stable against oxidation, has high thermodynamic stability and 

kinetic inertness, and an average of 0.9 water molecules in the inner coordination sphere 

(q).17, 18 We used a dual binder approach to increase the reaction on-rate with LysAld 

and to provide a large turn-on in relaxivity upon binding, as the “dual locked” probe will 

reduce internal motion of the protein-bound Mn complex.19, 20 Accordingly, two piperazino-

hydrazine or hydrazide moieties were introduced in the skeleton of cis-Mn-1,4-DO2A, 

to form the Mn(II) complexes Mn-2CHyd and Mn-2Hyd respectively. The piperazino-

hydrazine moiety was shown to have higher reactivity and affinity for LysAld compared to 

an analogous hydrazide.21 Mn-2CHyd and Mn-2Hyd were synthesized in 5 steps from 

cyclen-1,4-t-Bu-diacetic acid. Mn-1CHyd, which possess one piperazino-hydrazine, was 

synthesized as a control. Detailed synthetic procedures and characterizations can be found in 

the supporting information (Figure S1–25).

In vitro characterization

Cyclic voltammetry of Mn-1,4-DO2A in H2O (Figure 2b) displays a quasi-reversible MnII/

MnIII peak with the half-wave potential (E1/2) of +632 mV versus Ag/AgCl, similar to 

the reported value.18 The value increases for Mn-2Hyd (E1/2 = 754 mV) and Mn-1CHyd 
(790 mV). In comparison, Mn-2CHyd showed an irreversible MnII/MnIII peak centered at 

969 mV (Epa) and a ligand oxidation peak at 731 mV, which was assigned according to 

Ning et al. Page 3

J Am Chem Soc. Author manuscript; available in PMC 2023 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the corresponding Zn2+ complex. This indicates that the Mn2+ ion is less susceptible to 

oxidation in Mn-2CHyd. Next, we measured the longitudinal relaxivity change of the Mn2+ 

complexes in the presence of 25 equiv. Zn2+. All 3 α-substituted Mn-1,4-DO2A derivatives 

were 3-fold more inert to Mn2+ release than the parent Mn-1,4-DO2A (Figure 2c).

Temperature dependence of the H2
17O transverse relaxivity11 indicated that q decreased 

from 0.90 in Mn-1,4-DO2A to 0.44 in all 3 α-substituted Mn-1,4-DO2A derivatives (Figure 

2d), which results in lower relaxivities of these α-substituted Mn-1,4-DO2A complexes 

in PBS (1.6–1.8 mM−1s−1, Figure 2e) compared to Mn-1,4-DO2A (2.1 mM−1s−1), even 

though the former have higher molecular weights which is usually associated with higher 

relaxivity.22

We then compared the reactivity of the complexes with butyraldehyde, a small-molecule 

model of LysAld, by high-performance liquid chromatography in combination with 

inductively coupled plasma mass spectrometry (HPLC-ICP-MS). Figure 3a shows that the 

fastest formation of the corresponding hydrazone complex was with Mn-2CHyd with both 

conversion yield and association rate constant 2-fold higher than Mn-1CHyd (Figure 3b 

and S26) at pH 7.4. When compared to the electron rich alkyl hydrazine Mn-2CHyd 
which formed a dual hydrazone product, the electron poor acyl hydrazine bearing Mn-2Hyd 
had a lower on-rate, a slightly lower conversion yield after 90 min, and did not form the 

dual hydrazone product under the same reaction conditions. Interestingly the reactivity of 

Mn-2Hyd significantly increased under more acidic condition (pH 6.5, Figure S27), and 

suggests the potential of Mn-2Hyd as a pH-sensitive LysAld targeting probe. During all 

the reactions no free manganese was detected, further demonstrating the stability of the 

complexes.

Next we examined the reaction of the Mn(II) complexes with LysAld bearing bovine serum 

albumin (BSAAld) to evaluate the effect of protein-conjugation. BSAAld was prepared via 
Fe2+/H2O2-mediated Fenton reaction with BSA. As shown in Figure 2e, in BSA, the 

relaxivities of all Mn(II) complexes were similar to those in PBS, indicating there was 

negligible non-specific binding. However, the relaxivities significantly increased in BSAAld, 

with 42, 37, 103% increases for Mn-2Hyd, Mn-1CHyd and Mn-2CHyd, respectively. 

We separated the BSAAld bound species by using an ultracentrifugation 5000 Da filter 

and quantified the binding yields and relaxivities. Mn-2CHyd showed the highest binding 

yield under various concentrations and exhibited an almost 4-fold turn-on in relaxivity 

when bound to BSAAld (7.7 mM−1s−1, Figure 3c–d). In comparison, the protein-bound 

Mn-1CHyd showed lower relaxivity (5.2 mM−1s−1), demonstrating the effectiveness of the 

dual binding approach in boosting relaxivity upon binding by restricting molecular rotation.

In vivo pharmacokinetics

As Mn-1CHyd and Mn-2CHyd showed higher reactivity and relaxivity in BSAAld than 

Mn-2Hyd, we further tested these two complexes in vivo and studied their pharmacokinetics 

in normal mice using PET-MRI. The ligands were radiolabeled with the positron emitting 

isotope Mn-52 (5.6 d half-life) under similar preparation conditions as for the stable 

Mn-55 complex (Figure S28), and then co-injected intravenously (i.v.) with nonradioactive 
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complex (0.1 mmol/kg) to allow PET-MR imaging, Figure 4a. Both probes underwent rapid 

elimination from the blood through the kidneys into the urinary bladder post injection (p.i.). 

However, Mn-1CHyd showed high liver enhancement with both MRI and PET, possibly due 

to increased hepatobiliary elimination arising from the hydrophobicity of the butyl chain. 

Mn-2CHyd showed little enhancement in the healthy liver over time (Figure 4a–b). At 60 

mins p.i., biodistribution of manganese shows baseline Mn levels in liver with Mn-2CHyd 
but elevated levels with Mn-1CHyd (Figure S29). After 24 h, Mn-52 biodistribution also 

showed lower retention of Mn-52 from Mn-2CHyd in various organs compared to Mn-52 

from Mn-1CHyd (Figure 4c). These studies indicate that Mn-1CHyd is unsuitable for 

molecular MR of liver because of the high nonspecific liver signal arising from the liver 

uptake of Mn-1CHyd.

In vivo detection of liver fibrogenesis

Because of its high stability, high turn-on in relaxivity upon binding, and low accumulation 

in healthy liver, we next tested whether Mn-2CHyd enhanced MRI could detect liver 

fibrogenesis in vivo. Mice were gavaged with CCl4 or olive oil vehicle for 12 weeks 

to induce liver fibrosis. Sirius Red fibrosis staining23 shows fibrotic liver in the CCl4 

mice. Quantification of the positive staining as collagen proportional area (CPA) was 

found to be 10-fold higher in the CCl4 group vs. the vehicle-treated group (Figure S30). 

LOX is the enzyme that oxidizes Lys to LysAld in collagens. Immunohistochemistry 

staining showed higher LOX immunoreactivity in the CCl4-treated group (Figure S31). An 

established DNPH reactivity assay showed significantly elevated extracellular LysAld levels 

in CCl4 mice (Figure S32).24 Liver hydroxyproline concentration, a quantitative marker of 

collagen,23 also significantly increased after CCl4 injury (Figure S33). These data confirmed 

the consistent fibrosis and fibrogenesis in the CCl4 injured mice.

MRI was performed in CCl4 and vehicle treated mice prior to and immediately following 

0.1 mmol/kg i.v. administration of Mn-2CHyd or Gd-DOTA as a negative control. Figure 

5a shows that at 45 mins p.i. there were no liver enhancement with Gd-DOTA in CCl4 

mice, but strong signal enhancement and high increase in liver-to-muscle contrast to noise 

ratio (ΔCNR) after Mn-2CHyd administration in CCl4 treated mice. The CCl4 treated mice 

imaged with Mn-2CHyd also showed significantly higher liver enhancement and slower 

liver clearance rate than the vehicle treated group (Figure 5b–c). These data indicated that 

Mn-2CHyd is highly sensitive and specific for in vivo detection of liver fibrogenesis. 

ICP-MS analysis at 75 min p.i. showed that liver Mn concentrations were approaching the 

endogenous Mn value in both CCl4 and vehicle-treated mice after Mn-2CHyd imaging 

(Figure S34). Because of the high endogenous Mn liver levels, elemental analysis was not 

sensitive to distinguish differences in liver Mn after administration of Mn-2CHyd in CCl4 

versus vehicle treated mice.

CONCLUSIONS

In conclusion, rational design results in a Mn2+-based MR probe that is stable to oxidation, 

kinetically inert to dissociation, has low signal enhancement in normal mouse liver, but 

strong signal enhancement in fibrogenic liver as a result of high affinity for LysAld and 
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a 4-fold relaxivity turn-on upon LysAld binding. The ability of the probe to detect liver 

fibrogenesis was demonstrated in vivo, where Mn-2CHyd shows significantly enhanced 

liver MR signal in fibrogenic mice than in healthy mice, and can detect pathology not 

detectable with the nonspecific clinical contrast agent Gd-DOTA. The Mn complexes could 

also be radiolabeled with 52Mn and detectable by simultaneous PET-MR imaging. Here 

we used PET-MR to study biodistribution, but these dual modality probes could also be 

used for future quantitative measurements, for example to assess in vivo relaxivity. The data 

presented here enables further development and application of manganese-based hydrazine 

equipped probes for imaging liver fibrogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the design of a reversible and dual binding Mn2+ probes for 

targeting LysAld residues in the process of liver fibrogenesis.
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Figure 2. 
a) Chemical structures of the Mn(II) complexes studied here; b) Cyclic voltammograms of 

the complexes in H2O containing 0.1 M KNO3 (pH 6.5, mV vs Ag/AgCl, arrows mark 

the MnII/MnIII peak); c) Half-life of 1 mM Mn(II) complexes upon challenge with 25 mM 

Zn2+ monitored by longitudinal relaxivity in 50 mM pH 6.0 MES buffer, 37 °C, 1.41 T; d) 

H2
17O transverse relaxivity in the presence of corresponding Mn2+ complex as a function 

of temperature. Peak relaxivity is indicative of the number of inner-sphere water molecules 

(q); e) Relaxivity values in PBS alone or with 10 mg/mL BSA or BSAAld (pH 7.4, 2 h 

incubation, 37 °C, 1.41 T).
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Figure 3. 
a) Time course HPLC-ICP-MS trace of Mn(II) complexes (25 μM) in the presence of 100 

μM butyraldehyde (PBS, pH 7.4, rt, stars mark the hydrazone products); b) Conversion yield 

versus time of corresponding Mn(II) complex in a); c) Concentration of BSAAld bound 

Mn(II) complex under different concentrations (10 mg/mL BSAAld, pH 7.4, 2 h incubation, 

37°C); d) Relaxivity of BSAAld bound Mn species (PBS, pH 7.4, 2 h incubation, 37°C, 1.41 

T).
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Figure 4. 
a) Whole body MRI (grey scale) and PET-MRI (color scale) images of normal mice 

imaged at pre-, 30- and 60 mins post-injection of 0.1 mmol/kg [52Mn]Mn-2CHyd or 

[52Mn]Mn-1CHyd. PET imaging is reported as percent injected dose per cubic centimeter 

(% ID/cc); b) Change in liver to muscle MRI contrast to noise ratio (ΔCNR) over time for 

Mn-2CHyd or Mn-1CHyd in normal mice (n = 6); c) Ex vivo biodistribution of Mn-52 

at 24 h p.i. of Mn-2CHyd or Mn-1CHyd, expressed as percent injected dose per gram of 

tissue (%ID/g) (mean ± SD) in various organs (n = 3).
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Figure 5. 
a) Axial liver (outlined in dotted white lines) images of CCl4 and vehicle treated mice 

imaged before (pre) and 45 min p.i. (post) of Gd-DOTA or Mn-2CHyd (0.1 mmol/kg i.v., 

grey scale), and corresponding post-pre subtraction liver images (color scale); b) Post-pre 

change in liver to muscle contrast to noise ratio (ΔCNR) change over time for CCl4 and 

vehicle treated mice imaged with Mn-2CHyd; c) ΔCNR in vehicle treated (n = 4) and CCl4 

mice (n = 6) at 45 mins p.i. of Gd-DOTA and Mn-2CHyd. *P < 0.05, **P < 0.01, ns, not 

significant, unpaired student t test.
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