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e Department of Molecular Chemistry and Biochemistry, Faculty of Science and Engineering, Doshisha University, Kyotanabe, Kyoto 610-0321, Japan   

A R T I C L E  I N F O   

Keywords: 
Carbon monoxide 
Carbon monoxide-releasing molecules (CO- 
RMs) 
Obesity 
Adipocytes 
Macrophages 

A B S T R A C T   

Metal carbonyls have been developed as carbon monoxide-releasing molecules (CO-RMs) to deliver CO for 
therapeutic purposes. The manganese-based CORM-401 has been recently reported to exert beneficial effects in 
obese animals by reducing body weight gain, improving glucose metabolism and reprogramming adipose tissue 
towards a healthy phenotype. Here, we report on the synthesis and characterization of glyco-CORMs, obtained by 
grafting manganese carbonyls on dextrans (70 and 40 kDa), based on the fact that polysaccharides facilitate the 
targeting of drugs to adipose tissue. We found that glyco-CORMs efficiently deliver CO to cells in vitro with higher 
CO accumulation in adipocytes compared to other cell types. Oral administration of two selected glyco-CORMs 
(5b and 6b) resulted in CO accumulation in various organs, including adipose tissue. In addition, glyco-CORM 6b 
administered for eight weeks elicited anti-obesity and positive metabolic effects in mice fed a high fat diet. Our 
study highlights the feasibility of creating carriers with multiple functionalized CO-RMs.   

1. Introduction 

Heme oxygenase-1 (HO-1), an inducible stress-responsive enzymatic 
protein, degrades heme to carbon monoxide (CO) and biliverdin in all 
mammalian tissues [1,2]. Induction of HO-1 has been reported to be 
associated with antioxidant and anti-inflammatory effects [3,4] and 
several studies have corroborated the crucial role of the HO-1 pathway 
in alleviating organ and tissue dysfunction in a variety of disease 
models. These include, among others, ischemia-reperfusion injury [5], 

organ rejection [6], vascular inflammation [7–9], infection [10] and 
metabolic disorders such as obesity and diabetes [11–13]. The protec-
tive actions of HO-1 can be recapitulated by carbon monoxide (CO) since 
delivery of controlled amounts of this gas has been reported to exert 
therapeutic benefits in vascular, ischemic and metabolic disorders [2, 
14–16]. Our group has pioneered the discovery of CO-releasing mole-
cules (CO-RMs) to deliver controlled amounts of CO to biological sys-
tems and confirmed their therapeutic applicability in vascular, ischemic 
and inflammatory diseases [17–21]. We previously reported that oral 
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administration of a water-soluble manganese-based CO carrier 
(CORM-401, hereafter 401) [22] promotes weight loss and counteracts 
the impairment of metabolism in obese mice via a mechanism that in-
volves uncoupling of mitochondrial respiration in adipose tissue [23]. 
Mitochondrial uncoupling is a process that promotes entrance of protons 
from the mitochondrial inter-membrane space into the matrix, driving 
electron transport and O2 consumption in the respiratory chain in a 
manner that is completely independent from ATP synthesis. The result is 
a short-circuit that dissipates energy as heat, a phenomenon well 
described in brown adipose tissue [24]. In line with this, we have 
recently shown that 401 increases body temperature in rats in the early 
hours following oral administration [25]. 

Uncoupling is also investigated as a strategy to increase energy 
expenditure and reduce adiposity for beneficial metabolic outcomes in 
obesity and diabetes [26]. Still in relation to metabolism, previous 
studies reported that CORM-A1, another pharmacologically active CO 
releaser, reduces body weight and improves glucose tolerance and in-
sulin sensitivity while decreasing hepatic steatosis [27,28]. Interest-
ingly, CORM-A1-treated mice exhibited a significant increase in oxygen 
consumption that was twice as high as the levels of oxygen consumption 
observed in control obese mice [27,28], suggesting a strong link be-
tween mitochondrial bioenergetics and weight loss. 

Assessing the distribution of CO in the organism following activation 
of HO-1 by hemin or administration of CO gas or CO-RMs is an important 
step to understand the mechanisms of action of CO in the various tissues 
[29–31]. In the case of 401 our group has shown that a fast and sig-
nificant increase in blood carboxyhemoglobin (COHb) levels occurs 
within five minutes after oral treatment, followed by an accumulation of 
CO in white adipose tissue at two and six hours [23]. In line with this, 
our analysis showed that CO prevented the alterations in adipose tissue 
structure, inflammation and expression of genes involved in fatty acids 
metabolism induced by a high fat diet (HFD) regime [23]. 

Thus, targeting the delivery of CO to the adipose tissue may be ad-
vantageous to develop new strategies utilizing CO-RMs for the treatment 
of obesity and metabolic dysfunction. In this context, we found an 
interesting report showing that biocompatible nanopolysaccharides can 
be used as efficient carriers to transport anti-inflammatory drugs to 
adipose tissue [32,33]. In particular, the authors reported that poly-
saccharides based on biocompatible dextran conjugates linked to 
anti-inflammatory drugs efficiently distribute to visceral adipose tissue 
of obese mice, resulting in increased local concentrations and amelio-
ration of tissue function. 

In the present study we used a similar approach to synthesize poly-
saccharides conjugated to CO-RMs and assess their efficacy in obesity. 
These ‘glyco-CORMs’ were obtained by anchoring different numbers of 
401 moieties to dextrans (70 and 40 kDa) and were characterized in vitro 
and in vivo. Compared to 401, we show that glyco-CORMs possess an 
enhanced ability to deliver CO to cells and exert similar anti-obesity and 
positive metabolic effects in mice subjected to HFD. 

2. Results and discussion 

2.1. Synthesis of glyco-CORMs 

We tested several strategies to achieve the grafting of manganese 
carbonyls on dextrans with molecular weight of 70 kDa (D70) and 40 
kDa (D40). Converting hydroxy groups of dextrans into dithiocarbonate 
salts by reaction with carbon disulfide in the presence of base, yielded 
modified polysaccharides that revealed poor ligands of carbonyl man-
ganese complexes such as CORM-401 (401). The conjugation of 401 to 
dextran by esterification in the presence of coupling reagents such as 1- 
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; PubMed CID: 
15908) or carbonyldiimidazole (CDI) also gave unsatisfactory results. In 
both cases, the observed lack of reactivity was attributed to the steric 
hindrance between the polysaccharide and the metal carbonyl complex. 
To minimize unfavorable interactions, an alternative strategy consisted 

in the synthesis of a CO-RM containing piperazine [34,35], the latter 
moiety offering the possibility to both connect and space the two en-
tities. The reaction of piperazine with carbon disulfide in methanol 
(MeOH; PubMed CID: 887) yielded almost quantitatively the carbamate 
1 [36], suitable for complexation with manganese pentacarbonyl bro-
mide ([MnBr(CO)5]; PubMed CID: 10978692) in dichloromethane 
(DCM; PubMed CID: 6344). The resulting complex 2 was isolated in an 
overall yield of 91 % under the form of a stable bromohydrate (see  
Scheme 1). Complex 2 is thus a modified 401 that maintains the ability 
to release CO (Fig. S1) in vitro (cuvette). Prior to conjugation, dextrans 
D70 and D40 were activated as previously described by CDI in dimethyl 
sulfoxide (DMSO; PubMed CID: 679) to give, respectively, the two series 
of polysaccharides 3 and 4 [37,38]. Reactions proceeded in high yields 
(> 95 %) and with a good control of the number of modified glucose 
units per polymer chain. 

Conjugation of complex 2 with activated dextrans 3a–d and 4a–d 
proceeded in ethanol (EtOH; PubMed CID: 174) in the presence of 
triethylamine (NEt3; PubMed CID: 8471). By simply adjusting the 
quantity of CDI introduced in the reaction mixture, activated dextrans 
were obtained with approximately 25 % (a), 50 % (b), 75 % (c) and 100 
% (d) of modified glucose units with carbonyls (complex 2) per polymer 
chain (τ, vide infra). After reaction, imidazole and unreacted complex 2 
were removed by centrifugal ultrafiltration and the crudes were washed 
with diethyl ether (Et2O; PubMed CID: 3283). Expected series of glyco- 
CORMs 5a–d and 6a–d were obtained in quite satisfactory yields (≥ 73 
%) under the form of amorphous solids that could be stored for months 
in the dark at 4 ◦C or below. 

2.2. glyco-CORMs release CO in vitro in cuvette and deliver CO to 
cultured cells 

In contrast to 401, glyco-CORMs were insoluble in DPBS and were 
thus solubilized in DMSO for testing their ability to release CO in vitro in 
a cuvette (spectrophotometric assay) and in cells in culture (hemoCD1 
assay). However, at the concentrations tested, some precipitate 
appeared over time in the cuvette experiments and in the presence of 
cells (Fig. S2). When added to a cuvette in the presence of excess con-
centrations of the CO scavenger hemoCD1 [23,39], all glyco-CORMs 
showed a significant time-dependent CO release, as shown in  
Fig. 1A-B. An example of the spectra obtained when glyco-CORM 6b was 
added to hemoCD1 is reported in Fig. S3. From the spectra it can be 
appreciated that the absorbance peak of hemoCD1 shifts from 434 nm 
(deoxy-hemoCD1) to 422 nm (CO-hemoCD1) over time as the CO 
released from 6b binds to the porphyrin-cyclodextrin complex (Fig. S3). 
The table in Fig. 1 reports the loading in Mn, the total carried CO and the 
measured CO release from the glyco-CORMs synthesized. The table 
highlights that the total carried CO (mol/mol of compound) is superior 
to the actual CO released in cuvette. In fact, glyco-CORMs showed 
decreasing efficacies with increased manganese tetracarbonyl loading. 
With the notable exception of 5a, this trend is observed for the 
D70-derived glyco-CORMs but not as markedly as with glyco-CORMs 
6a–d. Although this trend remains unclear, it cannot be excluded that 
it is related to the behavior of the modified polysaccharides in solution 
and/or to their interaction with the hemoCD1 probe itself. When 
pre-adipocytes and adipocytes were treated with glyco-CORMs in 
DMSO, a significant CO accumulation was observed after 3 h 
(Fig. 1C-D). Intracellular CO increased proportionally to the percentage 
of metal carbonyl loading of the glyco-CORMs with compound 5a (25 % 
loading) causing a lower accumulation of CO than 5b (50 % loading), 
and 5b causing less CO accumulation in cells than 5c (75 % loading) and 
so on. 

We note that CO levels were higher in cells exposed to 0.5 µM glyco- 
CORMs compared to 50 µM 401 and that, predictably, no increase in CO 
was detected in cells treated with the negative control dextran D70 
(Fig. 1C-D). We performed additional experiments to confirm that the 
Mn loading determined the amount of CO accumulated in cells (Fig. S4). 
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Because 5a, 5b, 5c and 5d exhibited a loading of Mn of 25 %, 50 %, 75 % 
and 100 %, respectively, we incubated pre-adipocytes with all the 
compounds at 0.5 µM as well as 5b at 0.25 µM concentration (half of 
0.5 µM), 5c at 0.17 µM (one third of 0.5 µM) and 5d at 0.125 µM (one 
fourth of 0.5 µM). Using this approach, we expected to find that 5b at 
0.25 µM, 5c at 0.17 µM and 5d at 0.125 µM would cause an intracellular 
CO accumulation similar to that of 5a at 0.5 µM. This was indeed the 
case, as shown in Fig. S4. These results contrast with the data obtained in 
cuvette as in cells we found a good a correlation between intracellular 
CO levels and the percentage loading of glyco-CORMs. It is likely that 
the experimental approach used to measure CO in cells explains this 
difference: in fact, cells were incubated with the compounds and washed 

thoroughly at the end of the treatment, followed by addition of 
hemoCD1 for detection of CO. Under these conditions hemoCD1 could 
interact directly with the CO accumulated in cells rather than with 
glyco-CORMs in solution, which was instead the situation for the ex-
periments in cuvette described above. Importantly, we also observed 
that CO accumulated intracellularly was generally higher in adipocytes 
compared to pre-adipocytes after exposure to the compounds (Fig. 1C- 
E). In additional experiments measuring the accumulation of CO over 
time we demonstrated a very similar trend using 401. Fig. S5 shows that 
in pre-adipocytes CO accumulated in the early hours (1 and 3 h) after 
401 exposure followed by a decrease of CO content at 6, 24 and 48 h. 
Conversely, in immature and mature adipocytes CO accumulated in the 

Scheme 1. Schematic protocol for the synthesis of glyco-CORMs (see text for details). The resulting modified dextrans D70 (compounds 5a–d) and D40 (compounds 
6a–d) were grafted with the 401 moiety (complex 2) leading to different degrees of conjugation: 25 % (5a and 6a), 50 % (5b and 6b), 75 % (5c and 6c) and 100 % 
(5d and 6d). 

Fig. 1. Glyco-CORMs 5a-d and 6a-d efficiently release CO in a time-dependent manner in cuvette and cells in vitro. The release of CO from compounds 5a–d (A) and 
6a–d (B) (stock solutions prepared in DMSO) was assessed spectrophotometrically over time in cuvette using a solution containing the CO scavenger hemoCD1 (see 
Experimental Section). The corresponding tabular column provides information on the loading of Mn-carbonyl, the amount of total carried CO and CO released from 
each compound. Intracellular CO accumulation was assessed in pre-adipocytes (C) and adipocytes (D) after incubation for 3 h with various glyco-CORMs or dextran 
70 (D70, negative control). A comparison between 401 (50 µM) and glyco-CORM 6b (0.5 µM) on their ability to release CO to these two cell types is also shown (E). 
Data are represented as mean ± SEM (n = 3), where *P < 0.05 and * * P < 0.01 compared to control (CON); #P < 0.05 compared to 401. 
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early time points and its levels remained elevated until the end of the 
experiment. We postulate that this effect is due to an increased 
sequestration of CO caused by the high lipid content of adipocytes and/ 
or a decreased liberation of CO back into the extracellular milieu once 
CO is trapped in adipocytes [40]. Finally, when pre-adipocytes were 
exposed to 5a, 5b, 5d and 401 for 3 h or 24 h we found only a mild 
reduction in cell viability in the case of 5b and 5d (Fig. S6), indicating a 
good tolerance of cells to the compounds over time. 

We reported previously that CO liberated by 401 modulates cellular 
bioenergetics in different cell types [41,42] and when tested in adipo-
cytes we found that 401 increased mitochondrial oxygen consumption 
rate (OCR) due to an uncoupling effect [23]. We further showed that this 
effect stimulated glycolysis and enhanced adipose tissue insulin sensi-
tivity, uncovering an important mechanism by which 401 exerts bene-
ficial actions against obesity-mediated metabolic dysfunction. We 
wondered if glyco-CORMs would similarly affect adipocyte bio-
energetics. Therefore, we performed real-time measurements of changes 
in metabolism using a Seahorse analyzer in adipocytes treated with 
compounds 5b and 6b. For these experiments, 401 was used as the 
reference compound at 50 μM, a concentration previously reported in 
our studies in vitro [23,42], while 5b and 6b were used at 0.5 μM due to 
their strong ability to deliver CO to cells. To our surprise, neither 5b nor 
6b treatment increased OCR, in contrast to the effect elicited by 401 
(Figs. S7A-S8A). Notably, 5b started to decrease OCR from the time of 
addition to adipocytes (Fig. S7A), thus reducing basal respiration, 
ATP-linked respiration and other parameters of mitochondrial function 
(Fig. S7C), while 6b hardly changed the mitochondrial activity profile 
compared to control (Figs. S8A-S8C). These results are puzzling but 
emphasize that the effect of our different compounds on adipocyte 
bioenergetics cannot be ascribed solely to the intracellular accumulation 
of CO. It could be argued that the considerable amount of CO delivered 
by 5b justifies the significantly depressed respiration due to the known 
mitochondrial-poisoning effect of CO [20,43,44]. Indeed, in microglia 
cells for instance, 401 exerts uncoupling activities at 10–50 μM (low CO 
accumulation) while it inhibits respiration at 200–500 μM (high CO 
accumulation) [42]. On the other hand, 6b did not inhibit mitochondrial 
respiration despite being able to increase intracellular CO accumulation 
similarly to 5b. We suggest that the capacity of the compounds to 
liberate CO in the vicinity of mitochondria may be an important factor 
determining their modulation of cellular bioenergetics. 

2.3. Distribution of CO between adipocytes and macrophages co-cultured 
in the presence of 401 and 6b 

During obesity a remodelling of the adipose tissue occurs, with 
infiltration of macrophages that become activated and contribute to a 
pro-inflammatory phenotype [45,46]. We were thus interested in 
examining the accumulation of CO also in macrophages exposed to 
glyco-CORMs and compare their behaviour to that of adipocytes. We 

first showed that both adipocytes and macrophages cultured separately 
(single culture) exhibited significant CO accumulation 3 h after incu-
bation with 50 µM 401 and 0.5 µM 6b (Fig. 2A). Intracellular CO levels 
were much higher in the presence of 6b even if the compound was used 
at a concentration 100 times lower than 401. Adipocytes also appeared 
to accumulate more CO compared to macrophages when exposed to 401 
and 6b, although the difference between these two compounds was not 
significant. In additional experiments we then assessed whether the 
activation state of macrophages could influence CO accumulation. 
Resting macrophages (MΦ) or macrophages challenged with lipopoly-
saccharide (LPS) (M1) were incubated with 401 or 6b and after 3 h we 
observed a significant CO accumulation with no difference between the 
inactivated and the activated macrophages (Fig. 2B). These data indicate 
that macrophages have a similar capacity to uptake CO from 401 or 
glyco-CORMs compared to adipocytes and that the inflammatory profile 
of macrophages does not affect CO accumulation during the time of our 
experiments. 

We next performed a series of experiments in a co-culture system of 
mature adipocytes and macrophages and studied the effect of 401 and 
6b on CO uptake using different setups. In setup 1, adipocytes were 
grown in 6-well culture plates and macrophages seeded on transwell 
membranes were placed on top of the wells during the experiment 
(Fig. 3A). CO-releasing compounds were added to macrophages or ad-
ipocytes and CO levels were determined in both cell types. Interestingly, 
when 401 was added to macrophages (Protocol 1 in Fig. 3A), 68 % of the 
total measurable CO accumulated in macrophages and 32 % in the un-
derlying adipocytes. In the case of 6b, 95 % of CO was detected in 
macrophages and only 5 % in adipocytes (Fig. 3A). Similarly, when 
adipocytes were treated with 401 (Protocol 2 in Fig. 3A), 65 % of CO 
accumulated in adipocytes and 35 % in the overhanging macrophages 
while after exposure to 6b 96 % of CO was measured in adipocytes and 
only 4 % in macrophages (Fig. 3A). In setup 2, macrophages were grown 
in 6-well culture plates and adipocytes were differentiated on transwell 
membranes that were placed on top of the wells during the experiment 
(Fig. 3B). Again macrophages or adipocytes were treated with the CO- 
releasing compounds and CO levels determined in both cell types. 

As observed in setup 1, 73 % and 96 % of CO accumulated in adi-
pocytes and 27 % and 4 % of CO in the underlying macrophages when 
401 or 6b, respectively, were added to adipocytes on top (Protocol 3 in 
Fig. 3B). In protocol 4, macrophages at the bottom exposed to 401 and 
6b exhibited, respectively, 43 % and 95 % CO while 57 % and 5 % CO 
was detected in adipocytes on top (Fig. 3B). 

Altogether, these data indicate that CO levels increase predomi-
nantly in the cell type coming in direct contact with the compounds, 
regardless of whether cells are growing at the top or bottom of the co- 
culture system. However, a main difference is that treatment with 401 
results in approximately one third of the total CO accumulation in the 
cell type that did not come in direct contact with the compound (with 
the exception of Protocol 4 in setup 2), while for 6b the vast majority of 

Fig. 2. Comparative effects of 401 and glyco-CORM 6b on 
their ability to deliver CO to adipocytes and macrophages. 
Adipocytes and macrophages were treated with either 401 
(50 µM) or 6b (0.5 µM) (stock solutions prepared in DMSO) 
and intracellular accumulation of CO was measured after 
3 h incubation (A). Intracellular CO uptake was also 
assessed in naïve “inactivated” macrophages (MΦ) or 
macrophages “activated” with 1 μg/mL LPS (M1) for 24 h 
prior to incubation with either 401 or 6b for 3 h (B). Data 
are represented as mean ± SEM (n = 3), where * P < 0.05 
and * * P < 0.001 compared to control (CON).   
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intracellular CO was found in the cell type that was directly exposed to 
the compound. Considering that adipocytes and macrophages were 
separated by the transwell membrane, which has a pore size of 0.4 µm 
and permits an exchange of soluble molecules [47], it appears that CO 
and/or the small 401 compound (MW = 343 Da) were able to move 
more freely into the co-culture environment leading to a more homo-
geneous distribution of intracellular CO in the two compartments. In 
contrast, the very high molecular weight of 6b (MW = 84 kDa) may 
render the molecule unable to move across the transwell insert, 
explaining the limited exchange of CO between cells. It is also possible 
that the different CO distribution is due to the nature of the compounds 
and a distinct mode of CO delivery between 401 and 6b, as already 
suggested by the results obtained in the bioenergetic experiments 
described above (Figs. S7A-S8A). Finally, the results with 401 using 
protocol 4 in setup 2, where more CO was measured in adipocytes 
despite the fact that the compound was added directly to macrophages, 
could be explained by a propensity of CO and/or 401 given to 

macrophages to move upwards and by the strong ability of adipocytes to 
trap CO, as discussed above (see Fig. S5). 

2.4. In vitro and in vivo CO release by glyco-CORMs dissolved in a 
solution containing β-cyclodextrin, polyethylene glycol and poly (N-vinyl- 
pyrrolidone) (PP formulation) 

Because glyco-CORMs had limited solubility in DMSO, we decided to 
solubilize the compounds in a different solution that would also be 
suitable for oral administration in mice. For this, a formulation that is 
commonly used in the clinic to dissolve compounds with low solubility 
was employed and consisted of polyethylene glycol 400 (1 mL) with the 
addition of β-cyclodextrin (20 mg) and poly (N-vinyl-pyrrolidone) 
(50 mg) (see PP formulation in Experimental Section). Dissolving glyco- 
CORMs in the PP formulation produced a suspension (Fig. S2), in line 
with the known ability of β-cyclodextrin and the other components of 
the PP formulation to facilitate the solubility of compounds [48–52]. In 

Fig. 3. CO distribution between adipocytes and macrophages co-cultured in the presence of 401 and glyco-CORM 6b. A trans-well co-culture system was used to 
assess the distribution of CO accumulation between adipocytes and macrophages after treatment with 401 (50 µM) or 6b (0.5 µM) for 3 h (stock solutions prepared in 
DMSO). Two different set-ups were used: in setup 1, macrophages were cultured on the insert membrane placed on top while adipocytes were cultured on the bottom 
wells (A); in setup 2, adipocytes were cultured on top and macrophages on the bottom (B). Within each setup, two different protocols were applied depending on 
whether 401 or 6b were incubated in direct contact with the macrophages (Protocols 1 and 4) or adipocytes (Protocols 2 and 3). Data in the bar graphs are rep-
resented as mean ± SEM (n = 3), where * P < 0.05 and * * P < 0.01 compared to control cells (CON). The numbers in yellow within each bar graph indicate the 
distribution of CO (%) between macrophages and adipocytes within each protocol performed. 
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order to assess the ability of glyco-CORMs to deliver CO in vivo, lean 
mice were orally administered with 401 and the 5a–d and 6a–d series 
followed by measurements of COHb over time. Because different 
numbers of 401 moieties are conjugated to glyco-CORMs, the dose of 
each glyco-CORM was calculated in order to administer the same 
amount in moles/liter of conjugated 401 found in 30 mg/kg 401 alone 
(Table S1). Although 401 elicited the strongest increase in COHb 
(approximately 3.5 % COHb at 1 and 3 h after administration), all 
glyco-CORMs also caused a rise in this parameter (Fig. 4A-B). This sig-
nificant effect was noticeable in the early hours after administration 
while at 24 h COHb returned to basal values in the case of glyco-CORMs 
but not 401 treatment. Indeed, COHb was still over 1 % 24 h after 401 
administration. Despite the different Mn loading, we could not detect a 
loading-dependent increase in COHb after glyco-CORMs treatment. 
Among the 5a–d series, compound 5b was the most efficient in 
increasing COHb; among the 6a–d series all compounds behaved very 
similarly (Fig. 4B). 

These results are surprising since glyco-CORMs were administered 
with the same equivalents of CO as in 401 and therefore we expected to 
obtain the same COHb levels after treatment with all compounds. 
Therefore, our data suggest that the size of glyco-CORMs as well as the 
peculiar structure of these compounds reduce their bioavailability and 
their capacity to release CO in vivo, making them less efficient than 401. 

The behavior of compounds 5b and 6b in PP formulation was further 
analyzed in vitro as representative D70 and D40 derivatives with the 
same 50 % loading. Incubation in cuvette with excess concentration of 
hemoCD1 confirmed that the two compounds (0.02 µM) in the PP 

formulation released more CO than 401 in a time-dependent manner 
(Fig. 4C). When pre-adipocytes and adipocytes were exposed to 5b and 
6b, a significant increase in CO uptake was observed after 3 h, with a 
very pronounced CO accumulation following incubation with 5b 
(Fig. 4D-E). As observed before, CO accumulation in cells after exposure 
to the compounds at 0.5 µM was higher than that measured with 401 at 
50 µM. The effect on cell viability of 5b and 6b solubilized in the PP 
formulation was also studied in both preadipocytes and adipocytes. The 
results in Fig. S9 show that 5b was the compound that mostly reduced 
cell viability of pre-adipocytes and mature adipocytes at 3 and 24 h, 
possibly due to the high levels of CO achieved in cells in the presence of 
the compound. Overall, it appears that the PP formulation improved the 
solubilisation of glyco-CORMs and hence resulted in efficient CO de-
livery. However, the results in vitro (cuvette and cells) emphasize the 
capacity of glyco-CORMs to liberate significant amounts of CO when 
coming in direct contact with ‘simpler’ biological environments while 
the results in vivo indicate that the size and complexity of the molecules 
diminish their bioavailability and efficacy in terms of CO release in 
animals. 

2.5. CO release and tissue distribution following administration of glyco- 
CORMs 5b and 6b in obese mice 

Because glyco-CORMs were designed to target the adipose tissue, we 
next measured COHb and CO accumulation in different organs after oral 
administration of glyco-CORMs (in PP formulation) and 401. These 
experiments were performed in obese mice obtained after feeding a high 

Fig. 4. Effect of glyco-CORMs solubilized in PP formulation on their ability to deliver CO in vivo and in vitro. A time-course of CO delivery from glyco-CORMs 5a–d 
(A) and 6a–d (B) in comparison with 401 was performed in lean mice by assessing changes in blood COHb levels over time following oral administration of each 
compound solubilized in PP formulation (see Experimental Section for details). CO release from 401 (1 µM and 0.02 µM) and glyco-CORMs 5b (0.02 µM) and 6b 
(0.02 µM) was also assessed spectrophotometrically over time in a cuvette using a solution containing the CO scavenger hemoCD1. Intracellular accumulation of CO 
was determined in pre-adipocytes (D) and mature adipocytes (E) after 3 h incubation with 401, glyco-CORMs 5b or 6b solubilized in PP formulation. Results are 
expressed as mean ± SEM (n = 3), where * P < 0.05 and * * P < 0.01 compared to control groups (CON). 
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fat diet (HFD) for 8 weeks in order to have a significant amount of fat 
tissue (see scheme in Fig. 5A), which is normally present in small 
quantities in young lean mice. The curve of COHb levels in obese mice 
(Fig. 5B) was similar to that obtained in lean mice (Fig. 4A) for 401 
although values were slightly lower for compounds 5b and 6b. The 
levels of CO were significantly elevated in the liver (Fig. 5C), kidney 
(Fig. 5D), adipose tissue (Fig. 5E, non significant), pancreas (Fig. 5F), 
small intestine (Fig. 5G), colon (Fig. 5H) and faeces (Fig. 5I) 6 h after 
administration of 401 and, to a smaller extent, 5b (Fig. 5C-I). Admin-
istration of 6b resulted in a modest increase in CO levels in the faeces 
(Fig. 5I). Various parameters influence the adsorption, distribution, 
metabolism and excretion of polysaccharides within the biological sys-
tem [53,54]. The differences in molecular weight of 401, 5b and 6b may 
govern the transition of the compounds through the gastrointestinal 
tract [55,56] and, in the case of our molecules that are formed by dex-
trans conjugated with CO-RMs, affect the release and distribution of CO. 

The presence of different proteins with more or less ability to bind 
CO in each organ will also strongly influence the delivery and accu-
mulation of CO in the organism. In addition, the high CO levels in the 
liver and kidney is in accordance with the putative role of these two 
organs in metabolism and excretion of drugs [57]. Although these 
measurements were conducted after acute administration of the com-
pounds, our previous report showed that prolonged treatment with 401 
during HFD in mice leads to reduced weight gain and improved insulin 
and glucose metabolism, including a decrease in liver steatosis [23]. 

This suggests that temporal accumulation of CO in the liver (and other 
organs) exerts beneficial effects during HFD. Our experiments did not 
confirm that 5b and 6b could preferentially deliver CO to the adipose 
tissue after oral administration and similar results were obtained if the 
compounds were injected intraperitoneally (data not shown). This is in 
contrast with findings from Ma and co-workers, who reported that 
nanoscale dextran conjugates carrying an anti-inflammatory drug given 
intraperitoneally (but not intravenously) led to strong distribution of the 
compounds in the visceral adipose tissue after acute treatment [33]. The 
fact that a different conjugation strategy was used in the present work to 
anchor manganese carbonyls to the polysaccharides may partially 
explain the lack of CO accumulation in the adipose tissue after acute 
treatment with glycol-CORMs. 

2.6. Glyco-CORM 6b prevents weight gain and improves metabolism in 
HFD fed mice 

Administration of glyco-CORMs solubilized in the PP formulation 
resulted in transient loose stools, as shown previously [58]. Hence, 
although the PP formulation can be used for acute studies, we decided 
that its utilization would be unsuitable for long-term administration in 
animals fed with HFD, since one important objective of our study was to 
determine if the compounds could prevent HFD-induced weight gain. 
Thus, the compounds were solubilized in a mixture of DMSO and sun-
flower oil and we confirmed using hemoCD1 that also in this solution 

Fig. 5. CO delivery and tissue distribution following acute administration of glyco-CORMs 5b and 6b in obese mice. Schematic representation of the protocol used 
(A). After mice were fed a high fat diet for 8 weeks, they were treated with an oral administration of either vehicle (CON), 401 (30 mg/kg), glyco-CORM 5b (62 mg/ 
kg) or 6b (60 mg/kg) solubilized in the PP formulation. Blood, organs and faeces were collected 6 h after treatment to assess the levels and distribution of CO. CO was 
assessed in blood by measuring COHb over time (B) as well as in liver (C), kidney (D), adipose tissue (E), pancreas (F), small intestine (G), colon (H) and faeces (I) 
using the hemoCDs assay. Results are expressed as mean ± SEM (n = 5), where * P < 0.05 and * * P < 0.01 compared to control groups (CON). 
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they release CO (Fig. S10). Oral administration of equivalent doses of 5b 
and 6b in mice gave rise to a significant increase in circulating COHb 
compared to control in the first 6 h after gavage (Fig. S11). To decide 
which compound to use for the long-term HFD regime experiments, we 
took into consideration that 5b showed a more pronounced reduction in 
cell viability (Fig. S9) and a profound inhibition of mitochondrial 
respiration (Fig. S7) compared to 6b, which was well tolerated by cells 
and did not exert mitochondrial dysfunction (Fig. S8). Thus, we chose to 
study the effect of 6b against obesity in mice fed a HFD for 8 weeks (see 
scheme in Fig. 6A). 

As shown in Fig. 6B, at the end of the 8 weeks treatment and 

following the last dose of 6b and 401, we measured a significant in-
crease in COHb up to 6 h (time of sacrifice). These results demonstrate 
that a transient rise in COHb levels is achievable after each adminis-
tration of 6b and are consistent with previous results obtained with 401 
(this article and [23]). Assessment of different metabolic parameters 
also suggested a positive role of 6b. Body weight gain in mice under HFD 
was significantly reduced by both 6b and 401 (Fig. 6C). Compounds 6b 
and 401 also significantly improved insulin sensitivity (ITT, Fig. 6D) and 
glucose tolerance (GTT, Fig. 6E) as evident from the decrease in glucose 
excursion. After administration of 6b and 401 CO levels were elevated at 
6 and 24 h in the faeces of animals (Fig. 6F). CO accumulation in the 

Fig. 6. Repetitive administration of glyco-CORM 6b ameliorates insulin sensitivity and prevents weight gain in mice fed a high fat diet (HFD). Mice were fed either a 
standard diet (SD) or a HFD for 8 weeks. In two additional groups, mice on HDF were treated with either CORM-401 (30 mg/kg in PBS) or glyco-CORM 6b (60 mg/kg 
in DMSO-sunflower oil) administered orally 3 times a week for 8 weeks before assessing different parameters (A). A time-course of blood COHb levels was assessed at 
end of the 8 weeks treatment in each group following administration of the compounds (B). Body weight gain was determined following the treatments (C) alongside 
the assessment of metabolic parameters by performing insulin tolerance (ITT, D) and glucose tolerance (GTT, E) tests (see Experimental Section for details). The 
distribution of CO was analyzed in different organs collected at the end of the 8 weeks treatment and these included faeces (F), liver (G), kidney (H), adipose tissue (I) 
and pancreas (J). Results are expressed as mean ± SEM (n = 6/7), where * P < 0.05 and * * P < 0.01 compared to mice fed a SD; #P < 0.05 compared to mice fed a 
HFD. AUC, area under the curve. 
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liver, kidney, adipose tissue and pancreas collected after 8 weeks of 
treatment with HFD+6b was also higher compared to animals receiving 
the standard diet or HFD alone, indicating an effective delivery of CO by 
6b to the organism (Fig. 6G-6J). The significant increase in CO content 
in adipose tissue and pancreas suggests that CO from 6b or the com-
pound itself reach body compartments outside the gastrointestinal tract 
and is in line with the improvements in overall metabolism exerted by 
the compound. This may also indicate an improved glucose uptake in 
peripheral tissues caused by the release CO since this gas acts as a 
ubiquitous secondary signalling molecule as observed in our previous 
work [23]. Interestingly, these data are in contrast to the findings pre-
sented in Fig. 5, showing that acute administration of 6b in obese mice 
did not lead to CO accumulation in liver, kidney, adipose tissue and 
pancreas. Therefore, we deduce that CO levels can be markedly 
increased in tissues only after cumulative administrations in animals 
with 6b. Conversely, a single acute treatment of 6b is not sufficient to 
increase CO levels in organs. 

3. Conclusion 

In summary, novel derivatives of CO carriers were synthesized 
starting from the conjugation of 401 onto dextrans and leading to the 
generation of glyco-CORMs possessing multiple functionalized CO-RMs. 
Our results show that these compounds have a high ability to deliver CO 
to cells and that glyco-CORM 6b can counteract negative effects elicited 
by a HFD regime in mice, with reduction in body weight gain and 
amelioration of the metabolic profile similar to those obtained with 401. 
Administration of glyco-CORMs in vivo did not lead to specific accu-
mulation of CO in the adipose tissue, which was one of the desirable 
features envisaged when designing polysaccharide-bound CO-RMs. This 
strategy was inspired by articles from Ma and Prabhu [32,33], who 
developed dextran nanocarriers for the targeted delivery of 
anti-inflammatory drugs to the macrophages of adipose tissue during 
obesity. However, although the dextran nanocarriers favoured the tar-
geting of the adipose tissue, there was still uptake of the compounds in 
the liver and the spleen [33], indicating the difficulty in vehiculating 
substances to a specific organ/tissue when administering drugs in a 
systemic manner, which was the case for the glyco-CORMs synthesized 
in the present work. Nevertheless, it was interesting to observe in our in 
vitro experiments that adipocytes exposed to our compounds have a 
greater capacity than other cell types to accumulate and store CO, which 
may be a consequence of the ability of fat cells to store organic chemicals 
for a long time [59] and the high lipophilicity of CO/CO-RMs. 

Importantly, our study reports for the first time the distribution of CO 
in the organism after oral treatment of mice with 401 and glyco-CORMs, 
highlighting a significant accumulation of CO in several organs and that 
liver, kidney and faeces contained the highest levels of CO 6 h after 
treatment with the compounds. Alongside the determination of blood 
COHb, the results of these measurements allowed us to gain useful in-
formation about the pharmacokinetics of CO-RMs. For example, the 
facts that the pancreas also showed a marked increase in CO levels in 
obese mice and that it is a central organ in metabolism suggest inter-
esting avenues for future studies aimed at deciphering the beneficial 
action of CO against obesity and glucose intolerance. 

Finally, the present work underlines our substantial effort in inves-
tigating different solvents that could improve the solubility of glyco- 
CORMs and are suitable for oral administration in humans (PP formu-
lation). Therefore, in addition to designing new chemical entities that 
serve as CO carriers in vivo, the optimization of formulations that can 
maximize the pharmacological effects of CO in a given pre-clinical 
model is equally relevant for the further development of CO-based 
therapeutics [60]. 

4. Experimental section 

4.1. Reagents for biological studies 

Stock solutions of 401 (10 mM) were prepared by solubilizing the 
compound in Dulbecco’s phosphate buffer solution (DPBS, pH=7.4). 
glyco-CORMs were solubilized either in 1) DMSO (Sigma-Aldrich), 2) in- 
house formulation consisting of β-cyclodextrin, polyethylene glycol 400, 
and poly (N-vinyl-pyrrolidone) (PP formulation) [48–52] or 3) a mixture 
of DMSO (3 %) and sunflower oil previously used by our group to sol-
ubilize other types of CO-RMs derivatives [61]. Stock solutions were 
stored at − 20 ◦C until use and animal treatments were performed with 
freshly prepared stocks. DPBS, DMEM, newborn calf serum, fetal bovine 
serum (FBS), penicillin/streptomycin, and trypsin were purchased from 
Life Technologies (Saint Aubin, France). Pyruvate, iso-
butylmethylxanthine (IBMX), and human insulin solution were obtained 
from Merck (France). All other analytical grade reagents were obtained 
from Sigma-Aldrich. 

4.2. Cell culture 

3T3-L1 preadipocytes (088SPL1F, Tebu-Bio, France) were cultured 
in DMEM medium (4.5 g/L glucose) supplemented with 10 % newborn 
calf serum and antibiotics, in an atmosphere of 5 % CO2 at 37 ◦C. Dif-
ferentiation into adipocytes was stimulated in a medium containing 10 
% FBS, 3-isobutyl-1-methylxanthine (IBMX, 500 μM), dexamethasone 
(250 nM), and insulin (175 nM) for two days (immature adipocytes), 
followed by two days of treatment in DMEM with FBS and insulin 
(175 nM) to obtain mature adipocytes. Cells were then maintained in 
DMEM with 10 % FBS only until the day of the experiment. Raw 264.7 
murine macrophages (ATCC, UK) were grown in DMEM containing 
4.5 g/L glucose and Glutamax supplemented with 10 % FBS (Life 
Technologies). 

4.3. Assays for detection of CO in cuvette and cells in culture 

Kinetics of CO release from glyco-CORMs were determined in cuvette 
using the specific CO scavenger hemoCD1 [43]. HemoCD1 was syn-
thesized as previously described [62]. Briefly, hemoCD1 and sodium 
dithionite (Na2S2O4, 1–2 mg) were added to a cuvette containing DPBS. 
Glyco-CORMs (0.5 µM) or 401 (50 µM) were added to the cuvette and 
absorbance was measured between 400 nm and 500 nm at different time 
points using a UV-Vis spectrophotometer (JASCO V-730). Intracellular 
CO accumulation after incubation with the compounds was also inves-
tigated using pre-adipocytes, adipocytes, and naïve macrophages (MΦ) 
or pro-inflammatory macrophages (M1) pre-treated for 24 h with 
1 µg/mL lipopolysaccharide (LPS) [23,42]. Briefly, after 3 h incubation 
with compounds cells were gently washed and scraped in 1 mL DPBS. 
HemoCD1 and sodium dithionite (Na2S2O4, 1–2 mg) were added and 
samples were collected, sonicated and centrifuged to remove cell debris. 
The supernatant was filtered through a 0.22 µm filter before measure-
ments of spectra using a spectrophotometer [39]. 

4.4. Cell viability 

3T3-L1 preadipocytes or differentiated adipocytes in a 96 well plate 
were incubated with either 401 (50 µM) or glyco-CORMs (0.5 µM) for 
3 h or 24 h. The effects of the compounds on viability were evaluated 
using the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide) assay as previously described [63]. 

4.5. Cellular bioenergetics 

The bioenergetic profile of differentiated 3T3-L1 adipocytes was 
determined using a Seahorse XF24 Analyzer (Agilent Technologies, 
Santa Clara, CA, USA), which measures mitochondrial respiration and 
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glycolysis, as previously described [23]. Glyco-CORMs 5b and 6b 
(0.5 µM) and 401 (50 µM) were added prior to performing a MitoStress 
test, consisting of sequential additions of 1 µg/mL oligomycin, 0.63 µM 
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; 
PubMed CID: 132276760) and 1 µM rotenone (PubMed CID: 6758) and 
antimycin A (PubMed CID: 14957). Different parameters, including 
ATP-dependent respiration, proton leak, and maximal respiratory ca-
pacity, were calculated from the profile of mitochondrial respiration. 

4.6. CO accumulation in adipocytes and macrophages in a co-culture 
system 

The uptake of CO from 401 and 6b was assessed in a co-culture 
system using 3T3-L1-differentiated adipocytes and RAW 264.7 macro-
phages. Two different co-culture systems were designed as follows: in 
setup 1 3T3-L1 pre-adipocytes were cultured and differentiated into 
adipocytes in a 6-well plate while macrophages were seeded on trans-
well membranes with pore size 0.4 µm (CORNING, France) (Fig. 5D); in 
setup 2 3T3-L1 cells were cultured and differentiated on the transwell 
membranes and macrophages were grown in a 6-well plate (Fig. 5E). 
Adipocytes and macrophages were grown separately until the day of the 
experiment when the cells were co-cultured by inserting the transwell 
membranes onto the 6-well plate. To assess whether adipocytes or 
macrophages preferentially accumulate CO, 401 (50 µM) or 6b (0.5 µM) 
was added either to the adipocytes or the macrophages for 3 h in both 
setups. Intracellular CO levels were quantified using hemoCD1 as 
described above. Intracellular CO levels were normalized to the protein 
content of the cells. 

4.7. Protein quantification assay 

Protein concentration was analyzed using the Pierce BCA protein 
assay kit according to the manufacturer’s instructions (Thermo Fischer 
Scientific, USA). 

4.8. Animal studies 

Eight-week-old C57BL6J mice were purchased from Janvier (France) 
and housed under controlled temperature (21 ◦C ± 1 ◦C), hygrometry 
(60 % ± 10 %), and lighting conditions (12 h light cycle). All animal 
procedures were conducted according to a license and care of animals 
following INSERM guidelines. Animals were acclimatized in the animal 
facility for 1 week before use for the experiments. In the first protocol, 
lean mice were used to test the pharmacokinetics of CO release from 
glyco-CORMs (n = 3 per group). Animals were randomly assigned to 
different treatments or control groups and, whenever possible, samples 
were blindly analyzed in order to minimize bias. Mice were orally 
administered equivalent doses of glyco-CORMs (PP formulation or 
DMSO and sunflower oil) and blood was collected from the tail vein at 
different time points for the measurement of carboxyhemoglobin 
(COHb). Equivalent doses were calculated based on glyco-CORMs mo-
lecular weight and the number of CO-RMs attached (Table S1). The 
compound 401 was administered orally at 30 mg/kg as described before 
[23]. In a second protocol, in vivo pharmacokinetics of glyco-CORMs 
were assessed in obese mice (n = 5 per group). Mice were fed a 
high-fat diet (HFD, Purified Diet 230 HF, Research Diets, USA) for 8 
weeks to induce obesity and fat accumulation. On the day of the 
experiment, animals were administered 401 or glyco-CORMs (both in 
PP formulation) at an equivalent dose (Table S1), and 6 h after admin-
istration organs were collected after flushing with 0.9 % saline via 
transcardial perfusion. The organs were immediately snap frozen in 
liquid nitrogen and stored at − 80 ◦C until CO measurements. In a third 
protocol, the effect of long-term administration of compound 6b, solu-
bilized in DMSO and sunflower oil, was assessed in mouse models of 
obesity (n = 5–7 per group). Mice fed with HFD received 401 
(30 mg/kg) or 6b (60 mg/kg) orally thrice a week for 8 weeks. Control 

mice were fed a standard diet and a third group received HFD with 
vehicle (DMSO and sunflower oil). Body weight was monitored every 
week and CO levels in the faeces and COHb were determined at week 3 
and week 8, respectively. At the end of the protocol, mice were sacri-
ficed and all organs were snap frozen and stored at − 80 ◦C prior to CO 
measurements. In separate experiments, CO accumulation was also 
examined in adipose tissue 6 h after intra-peritoneal administration of 
6b solubilized in DMSO and sunflower oil (60 mg/kg). 

4.9. Fasting glucose and insulin tolerance tests 

Whole-body glucose tolerance (GTT) and insulin sensitivity tests 
(ITT) were performed at weeks 7 and 8 after a 6 h fast in mice from the 
third protocol. Blood glucose was measured before administration of 
glucose or insulin at 0 h using a freestyle optimum Neo H glucose 
monitor (Abbott, UK). Mice were then administered glucose (1.5 g/kg) 
or insulin (0.3 UI/kg) by intraperitoneal injection. Blood glucose was 
measured at 15, 30, 60, 90, and 120 min after injection. The area under 
the curve for the glucose excursion was calculated using Graphpad 
Prism. 

4.10. Quantification of carboxy-hemoglobin (COHb) in circulation 

Levels of COHb in blood were measured as previously described by 
our laboratory following a protocol developed by Rokdey and colleagues 
[23,64,65]. 

4.11. Quantification of CO in tissues 

CO levels were measured in organs collected from perfused mice 
after administration of 401 and glyco-CORMs as reported by Mao and 
collaborators [43]. Briefly, snap-frozen tissues were weighed and ho-
mogenized in DPBS using Qiagen tissue lyserII (Qiagen, UK). Homoge-
nates were added to a solution containing hemoCD1 (2–10 μM) with 
Na2S2O4 (1–2 mg) and vortexed. Samples were then centrifuged at 12, 
700 rpm for 15 min, the supernatant was transferred to fresh tubes and 
Na2S2O4 (1–2 mg) was added again to maintain hemoCD1 in the deoxy 
state. After a second centrifugation, the supernatant was passed through 
a 0.22 µm filter prior to measurement of absorbance between 400 and 
500 nm using a UV–vis spectrophotometer. 

4.12. Statistics 

Data are expressed as mean ± SEM. Statistical analyses were per-
formed using the unpaired 2-tailed Student’s t-test or 2-way ANOVA 
with Fisher multiple comparison test. Results were considered signifi-
cant if the P value was less than 0.05. 

4.13. Chemistry: general procedure 

Manganese pentacarbonyl bromide and CORM-401 (401) were 
synthesized as previously described [22,66]. Dextran from Leuconostoc 
spp. was purchased from Sigma-Aldrich with average molecular weights 
of 70 and 40 kDa. Dimanganese decacarbonyl was purchased from 
Strem. Acetone was purchased from Acros Organic and DMSO from Alfa 
Aesar. Other solvents were purchased from Carlo Erba. Water was 
freshly distilled prior to any reaction or washing. Reagents were pur-
chased from Sigma-Aldrich and were used without further purification. 
All reactions were performed under a dry anaerobic argon atmosphere. 
Reactions involving manganese carbonyls were carried out in the dark. 
1H and 13C nuclear magnetic resonance (NMR) spectra for character-
ization of new compounds were collected in anhydrous DMSO-d6 or 
DMF-d7 (from Eurisotop) at 293 K and were recorded on a Bruker 
Avance-II 400 MHz spectrometer. Chemical shifts are reported in parts 
per million (ppm) and referenced to the residual solvent peaks: 
δ1H(DMSO-d6) = 2.50 ppm, δ13C(DMSO-d6) = 39.5 ppm, δ1 H(DMF-d7) 
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= 8.03, 2.92 and 2.75 ppm, δ13 C(DMF-d7) = 163.2, 34.9 and 29.8 ppm. 
Splitting patterns are indicated as follows: s, singlet; bs, broad singlet; d, 
doublet; t, triplet; q, quartet; m, multiplet. Spectra were processed and 
analysed with MestreNova software. Elucidation of the chemical struc-
tures was based on 1H, 13C, COSY and HSQC experiments for compounds 
1-4. Elucidation of the chemical structures was based on 1H, 13C, COSY 
experiments for compounds 1-2. Elucidation of the chemical structures 
was based on 1H and COSY experiments for compounds 3-6. Elemental 
analyses of C, H, N and S were performed on a Perkin-Elmer 2400 
(BioCIS, Châtenay-Malabry, France). Corrected grafting rates (τexp) are 
estimated based on the 0.4 % accuracy of the elemental analysis. Cen-
trifugal ultrafiltration was performed using a Rotofix 32A Hettich 
equipped with a fixed angle rotor 1620A. Adapter for 15- and 50-mL 
conical tubes were purchased from VWR. Ultrafiltration unit with ver-
tical Omega™ membrane and polypropylene housing (Macrosep® 
Advance, 10 kDa) were purchased from Pall Laboratory. 

4.14. Synthesis of piperazin-1-ium-4-carbodithioate 1 

To a solution of piperazine (5.0 g, 58.0 mmol) in MeOH (100 mL) 
was added CS2 (3.5 mL, 58.0 mmol, 1.0 equiv). The reaction mixture 
was stirred at r.t. for 0.5 h. The resulting suspension was then filtered on 
a frit. The resulting solid was washed with MeOH (2 ×100 mL) and 
finally dried in vacuo. The desired salt 1 was yielded as a pale-yellow 
powder (9.26 g, 98 %). 1H NMR (400 MHz, DMSO-d6) δ 8.49 (2 H, 
bs), 4.51 (4 H, s), 4.00 (4H, s). 13C NMR (101 MHz, DMSO-d6) δ 206.7, 
55.4, 41.5. Elemental analysis calcd (%) for C5H10N2S2 (162.27): C 
37.01, H 6.21, N 17.26, S 39.51; found C 37.30, H 6.13, N 16.69, S 
39.64. 

4.15. Bromopiperazinium dithiocarbamate manganese(I) tetracarbonyl 2 

To a solution of 1 (2.2 g, 13.5 mmol) in degassed DCM (30 mL) was 
added MnBr(CO)5 (3.7 g, 13.5 mmol, 1.0 equiv) at r.t. The reaction 
mixture was stirred at 45 ◦C for 4 h. Volatiles were then evaporated 
under reduced pressure and the resulting solid was finally dried in 
vacuo. The desired complex 2 was yielded as a yellow powder (5.13 g, 
93 %). 1H NMR (400 MHz, DMSO-d6) δ 8.79z (2 H, bs), 4.02 (4 H, s), 
3.23 (4 H, s,). 13C NMR (101 MHz, DMSO-d6) δ 216.1, 210.7, 206.3, 
42.5, 41.7. Elemental analysis calcd (%) for C9H10BrN2O4S2 (409.15): C 
26.42, H 2.46, N 6.85, S 15.67; found C 26.25, H 2.36, N 6.37, S 16.03. 

4.16. General procedure for the preparation of activated dextrans 3a- 
d and 4a-d 

To a solution of dextran (1.0 g) in anhydrous DMSO (25 mL) was 
added CDI (τth + 0.1 equiv). The reaction mixture was stirred at r.t. for 
18 h. The mixture was then poured in acetone (150 mL) and the pre-
cipitate was filtered on a frit. The resulting solid was successively 
washed with acetone (150 mL), Et2O (2 ×150 mL) and finally dried in 
vacuo. 

Activated dextran 3a, τth = 25 % (m = 1.18 g, 100 %). 1H NMR 
(400 MHz, DMF-d7) δ 8.45–8.15 (0.25 H, m, >N = CH-N = ), 7.81–7.57 
(0.25 H, m, >N-CH=), 7.25–7.05 (0.25 H, m, =N-CH=), 5.96–4.41 (4 H, 
m, Hcarbamate, OH-2, OH-3, OH-4, H-1), 4.31–3.94 (2 H, m, H-3, H-6a), 
3.87 (2 H, bs, H-5, H-6b), 3.49–3.20 (1.8 H, m, H-2, H-4). Elemental 
analysis calcd (%) for C3012H4518O2259N216 (79 897): C 45.28, H 5.70, N 
3.77; found C 45.41, H 5.52, N 3.12 (τexp = 20 ± 3 %). 

Activated dextran 3b, τth = 50 % (m = 1.23 g, 95 %). 1H NMR 
(400 MHz, DMF-d7) δ 8.45–8.15 (0.5 H, m, >N = CH-N = ), 7.81–7.57 
(0.5 H, m, >N-CH=), 7.25–7.05 (0.5 H, m, =N-CH=), 5.96–4.41 (4 H, 
m, Hcarbamate, OH-2, OH-3, OH-4, H-1), 4.31–3.94 (2 H, m, H-3, H-6a), 
3.87 (2 H, bs, H-5, H-6b), 3.49–3.20 (1.6 H, m, H-2, H-4). Elemental 
analysis calcd (%) for C3444H4734O2367N432 (90 056): C 45.93, H 5.30, N 
6.69; found C 45.67, H 5.30, N 6.72 (τexp = 50 ± 4 %). 

Activated dextran 3c, τth = 75 % (m = 1.41 g, 99 %). 1H NMR 

(400 MHz, DMF-d7) δ 8.45–8.15 (0.75 H, m, >N = CH-N = ), 7.81–7.57 
(0.75 H, m, >N-CH=), 7.25–7.05 (0.75 H, m, =N-CH=), 5.96–4.41 (4 H, 
m, Hcarbamate, OH-2, OH-3, OH-4, H-1), 4.31–3.94 (1.7 H, m, H-3, H-6a), 
3.87 (2 H, bs, H-5, H-6b), 3.49–3.20 (1.5 H, m, H-2, H-4). Elemental 
analysis calcd (%) for C3876H4950O2475N648 (100 216): C 46.45, H 4.98, 
N 9.03; found C 46.52, H 4.97, N 7.97 (τexp = 63 ± 4 %). 

Activated dextran 3d, τth = 100 % (m = 1.53 g, 97 %). 1H NMR 
(400 MHz, DMF-d7) δ 8.45–8.15 (1 H, m, >N = CH-N = ), 7.81–7.57 
(1 H, m, >N-CH=), 7.25–7.05 (1 H, m, =N-CH=), 5.96–4.41 (4 H, m, 
Hcarbamate, OH-2, OH-3, OH-4, H-1), 4.31–3.94 (1.7 H, m, H-3, H-6a), 
3.87 (2 H, bs, H-5, H-6b), 3.49–3.20 (1.3 H, m, H-2, H-4). Elemental 
analysis calcd (%) for C4308H5166O2583N864 (110 376): C 46.87, H 4.72, 
N 10.93; found C 46.70, H 4.95, N 10.51 (τexp = 94 ± 5 %). 

Activated dextran 4a, τth = 25 % (m = 1.34 g, 100 %). 1H NMR 
(400 MHz, DMSO-d6) δ 8.45–8.10 (0.25 H, m, >N = CH-N = ), 
7.78–7.45 (0.25 H, m, >N-CH=), 7.25–6.95 (0.25 H, m, =N-CH=), 
6.45–4.30 (4 H, m, Hcarbamate, OH-2, OH-3, OH-4, H-1), 3.83 (1 H, bs, H- 
3), 3.75 (1 H, bs, H-6a), 3.72–3.35 (2 H, m, H-5, H-6b), 3.35–2.80 
(1.8 H, bs, H-2, H-4). Elemental analysis calcd (%) for 
C1729H2596O1298N124 (45875): C 45.27, H 5.70, N 3.77; found C 45.72, H 
5.72, S 4.28 (τexp = 29 ± 3 %). 

Activated dextran 4b, τth = 50 % (m = 1.32 g, 100 %). 1H NMR 
(400 MHz, DMSO-d6) δ 8.45–8.10 (0.5 H, m, >N = CH-N = ), 7.78–7.45 
(0.5 H, m, >N-CH=), 7.25–6.95 (0.5 H, m, =N-CH=), 6.45–4.30 (4 H, 
m, Hcarbamate, OH-2, OH-3, OH-4, H-1), 3.83 (0.9 H, bs, H-3), 3.77 (1 H, 
bs, H-6a), 3.72–3.35 (2 H, m, H-5, H-6b), 3.35–2.80 (1.6 H, m, H-2, H- 
4). Elemental analysis calcd (%) for C1976H2719O1360N247 (51684): C 
45.92, H 5.30, N 6.69; found C 45.64, H 5.37, S 6.94 (τexp = 48 ± 1 %). 

Activated dextran 4c, τth = 75 % (m = 1.78 g, 100 %). 1H NMR 
(400 MHz, DMSO-d6) δ 8.45–8.10 (0.75 H, m, >N = CH-N = ), 
7.78–7.45 (0.75 H, m, >N-CH=), 7.25–6.95 (0.75 H, m, =N-CH=), 
6.45–4.30 (4 H, m, Hcarbamate, OH-2, OH-3, OH-4, H-1), 3.85 (0.9 H, bs, 
H-3), 3.75 (1 H, bs, H-6a), 3.75–3.25 (2 H, m, H-5, H-6b), 3.25–2.90 
(1.4 H, m, H-2, H-4). Elemental analysis calcd (%) for 
C2223H2843O1421N371 (57493): C 46.44, H 4.98, N 9.03; found C 46.67, H 
4.92, S 8.89 (τexp = 73 ± 5 %). 

Activated dextran 4d, τth = 100 % (m = 1.75 g, 100 %). 1H NMR 
(400 MHz, DMSO-d6) δ 8.45–8.10 (1 H, m, >N = CH-N = ), 7.78–7.45 
(1 H, m, >N-CH=), 7.25–6.95 (1 H, m, =N-CH=), 6.45–4.30 (4 H, m, 
Hcarbamate, OH-2, OH-3, OH-4, H-1), 3.85 (0.9 H, bs, H-3), 3.76 (1 H, bs, 
H-6a), 3.75–3.25 (2 H, m, H-5, H-6b), 3.25–2.90 (1.1 H, m, H-2, H-4). 
Elemental analysis calcd (%) for C2470H2966O1483N494 (63302): C 46.87, 
H 4.72, N 10.93; found C 47.28, H 4.61, S 10.48 (τexp = 95 ± 3 %). 

4.17. General procedure for the preparation of glyco-CORMs 5a-d and 
6a-d 

To a suspension of 3 or 4 (1.0–1.5 g) in degassed anhydrous EtOH 
(50 mL) were successively added 2 (τth + 0.1 equiv) and NEt3 (τth + 0.1 
equiv) at r.t. The reaction mixture was stirred at 45 ◦C for 18 h. Water 
(10 mL) was then added, and the mixture was stirred from 45 ◦C to r.t. 
for 30 min. Volatiles were removed under reduced pressure and Et2O 
(50 mL) was added. The suspension was filtrated through a frit and 
washed twice with Et2O (50 mL). The powder was then retaken in EtOH 
(30 mL) and ultrafiltrated by centrifugation (45 min, 60000 rpm). The 
residual solid was then ultrafiltrated by centrifugation (45 min, 
60000 rpm) using EtOH (30 mL) then acetone/water (1:1) mixture. The 
solid was finally resuspended in Et2O (50 mL), filtrated on a frit, washed 
with Et2O (50 mL) and dried in vacuo. 

glyco-CORM 5a, τth = 25 % (m = 990 mg, 73 %). 1H NMR (400 MHz, 
DMSO-d6) δ 5.30–4.80 (1.9 H, m, 3-OH, 4-OH), 4.67 (1 H, s, 1-H), 4.53 
(0.8 H, s, 2-OH), 4.34 (0.1 H, bs, H-3/4carbamate), 4.11 (0.1 H, bs, H-4/ 
3carbamate), 3.98 (0.2 H, s, H-2carbamate), 3.74 (1 H, s, H-6a), 3.63c (1 H, 
H-5), 3.60–3.30 (2 H, m, H-3, H-6b), 3.30–2.85 (4 H, m, H-2, H-4, Hpz). 
Elemental analysis calcd (%) for C3660H5058O2691N216S216Mn108 (107 
956): C 40.69, H 4.73, N 2.79, S 6.40; found C 40.75, H 4.96, N 2.93, S 
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6.50 (τexp = 24 ± 5 %). 
glyco-CORM 5b, τth = 50 % (m = 1.47 g, 90 %). 1H NMR (400 MHz, 

DMSO-d6) δ 5.30–4.80 (1.8 H, m, 3-OH, 4-OH), 4.66 (1 H, s, 1-H), 
4.60–4.25 (0.8 H, m, 2-OH, H-3/4carbamate), 4.12 (0.1 H, bs, H-4/ 
3carbamate), 3.98 (0.3 H, s, H-2carbamate), 3.73 (1 H, s, H-6a), 3.62 (1 H, s, 
H-5), 3.55–3.30 (2 H, m, H-3, H-6b), 3.30–2.85 (5 H, m, H-2, H-4, Hpz). 
Elemental analysis calcd (%) for C4740H5814O3231N432S432Mn216 (146 
202): C 38.91, H 4.01, N 4.14, S 9.47; found C 38.75, H 3.96, N 3.76, S 
8.93 (τexp = 48 ± 7 %). 

glyco-CORM 5c, τth = 75 % (m = 1.8 g, 98 %). 1H NMR (400 MHz, 
DMSO-d6) δ 5.30–4.80 (1.6 H, m, 3-OH, 4-OH), 4.66 (1 H, s, 1-H), 4.49 
(0.6 H, s, 2-OH), 4.42 (0.2 H, bs, H-3/4carbamate), 4.12 (0.2 H, bs, H-4/ 
3carbamate), 3.99 (0.4 H, s, H-2carbamate), 3.73 (1 H, s, H-6a), 3.61 (1 H, H- 
5), 3.43 (2 H, bs, H-3, H-6b), 3.18 (7 H, bs, H-2, H-4, Hpz). Elemental 
analysis calcd (%) for C5820H6570O3771N648S648Mn324 (184 448): C 
37.86, H 3.59, N 4.92, S 11.27; found C 38.15, H 3.72, N 4.61, S 10.43 
(τexp = 66 ± 4 %). 

glyco-CORM 5d, τth = 100 % (m = 2.0 g, 98 %). 1H NMR (400 MHz, 
DMSO-d6) δ 5.60–4.80 (1.5 H, m, 3-OH, 4-OH), 4.66 (1 H, s, 1-H), 4.49 
(0.5 H, s, 2-OH), 4.40 (0.3 H, bs, H-3/4carbamate), 4.12 (0.2 H, bs, H-4/ 
3carbamate), 4.00 (0.5 H, s, H-2carbamate), 3.73 (1 H, s, H-6a), 3.61 (1 H, H- 
5), 3.43 (1.7 H, bs, H-3, H-6b), 3.19 (9 H, bs, H-2, H-4, Hpz). Elemental 
analysis calcd (%) for C6900H7326O4311N864S864Mn432 (222 694): C 
37.19, H 3.32, N 5.43, S 12.42; found C 37.09, H 3.48, N 5.33, S 12.08 
(τexp = 94 ± 10 %). 

glyco-CORM 6a, τth = 25 % (m = 1.52 g, 98 %). 1H NMR (400 MHz, 
DMSO-d6) δ 5.30–4.80 (1.8 H, m, 3-OH, 4-OH), 4.67 (1 H, s, 1-H), 4.53 
(0.8 H, s, 2-OH), 4.34 (0.1 H, bs, H-3/4carbamate), 4.11 (0.1 H, bs, H-4/ 
3carbamate), 3.98 (0.2 H, s, H-2carbamate), 3.74 (1 H, s, H-6a), 3.63c (1 H, 
H-5), 3.60–3.30 (2 H, m, H-3, H-6b), 3.30–2.85 (4 H, m, H-2, H-4, Hpz). 
Elemental analysis calcd (%) for C2100H2904O1545N124S124Mn62 (61940): 
C 40.71, H 4.73, N 2.79, S 6.39; found C 40.99, H 4.97, N 1.99, S 5.95 
(τexp = 19 ± 3 %). 

glyco-CORM 6b, τth = 50 % (m = 1.96 g, 94 %). 1H NMR (400 MHz, 
DMSO-d6) δ 5.30–4.80 (1.7 H, m, 3-OH, 4-OH), 4.66 (1 H, s, 1-H), 
4.60–4.25 (0.8 H, m, 2-OH, H-3/4carbamate), 4.12 (0.1 H, bs, H-4/ 
3carbamate), 3.98 (0.3 H, s, H-2carbamate), 3.73 (1 H, s, H-6a), 3.62 (1 H, s, 
H-5), 3.55–3.30 (2 H, m, H-3, H-6b), 3.30–2.85 (6 H, m, H-2, H-4, Hpz). 
Elemental analysis calcd (%) for C2717H3337O1854N247S247Mn124 
(83814): C 38.94, H 4.01, N 4.13, S 9.45; found C 38.96, H 3.93, N 4.05, 
S 9.61 (τexp = 51 ± 3 %). 

glyco-CORM 6c, τth = 75 % (m = 2.72 g, 100 %). 1H NMR (400 MHz, 
DMSO-d6) δ 5.30–4.80 (1.6 H, m, 3-OH, 4-OH), 4.66 (1 H, s, 1-H), 4.49 
(0.6 H, s, 2-OH), 4.42 (0.2 H, bs, H-3/4carbamate), 4.12 (0.2 H, bs, H-4/ 
3carbamate), 3.99 (0.4 H, s, H-2carbamate), 3.73 (1 H, s, H-6a), 3.61 (1 H, H- 
5), 3.43 (2 H, bs, H-3, H-6b), 3.18 (7 H, bs, H-2, H-4, Hpz). Elemental 
analysis calcd (%) for C3335H3769O2162N371S371Mn185 (105688): C 
37.90, H 3.59, N 4.91, S 11.24; found C 38.02, H 3.62, N 4.97, S 11.23 
(τexp = 75 ± 3 %). 

glyco-CORM 6d, τth = 100 % (m = 3.05 g, 96 %). 1H NMR (400 MHz, 
DMSO-d6) δ 5.60–4.80 (1.5 H, m, 3-OH, 4-OH), 4.66 (1 H, s, 1-H), 4.49 
(0.5 H, s, 2-OH), 4.40 (0.2 H, bs, H-3/4carbamate), 4.12 (0.3 H, bs, H-4/ 
3carbamate), 4.00 (0.5 H, s, H-2carbamate), 3.73 (1 H, s, H-6a), 3.61 (1 H, H- 
5), 3.43 (1.8 H, bs, H-3, H-6b), 3.19 (9 H, bs, H-2, H-4, Hpz). Elemental 
analysis calcd (%) for C3952H4201O2471N494S494Mn247 (127561): C 
37.21, H 3.32, N 5.42, S 12.42; found C 37.55, H 3.37, N 5.24, S 11.89 
(τexp = 90 ± 4 %). 
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