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Prantar Chakrabarti,12 Jayanta Kumar Kundu,1,* Aniruddha Adhikari,13,* and Samir Kumar Pal2,3,14,*

SUMMARY

The usual treatment for anemia and especially for anemia of inflammation (also
called anemia of chronic disease) is supportive care with the target of improving
the lifestyle of the patients. There is no effective medication to date for proper
management. As the inflammation, erythropoiesis, and oxidative stress are the
major concerns in this case, it inspired us to use a nano-erythropoietin stimulating
agent (nano-ESA) made up of a nano-complex of manganese and citrate (Mn-cit-
rate nano-complex), which has been hypothesized to have excellent antioxidant
and anti-inflammatory mechanisms. Single oral dose of the nano-ESA efficiently
prevented the onset of anemia as well as led to recovery from anemia in our
phenylhydrazine (PHz)-intoxicated C57BL/6J mice model of anemia without any
toxicological side effects. These preliminary findings may pave the way for an
affordable and safe clinical use of the nano-ESA as a rapid recovery medication
of anemia, especially anemia of inflammation.

INTRODUCTION

Anemia, or low circulating erythrocyte (red blood cell, RBC) count, remains one of the severe public health

concerns affecting �2.36 billion people worldwide (i.e., one-third of the global population) (Nguyen et al.,

2018). It is the prime cause of years lived with disability (YLD) for women and contributes to significant

morbidity and mortality (Nguyen et al., 2018). The etiology of anemia is heterogeneous and can be attrib-

uted to several risk factors (i.e., nutritional deficiency, genetic disorder, cancer, hemorrhage, inflammation,

and chronic diseases) that either shorten the physiological 120-day lifespan of human erythrocytes or cause

inefficient erythropoiesis (Theurl et al., 2016; Sankaran and Weiss, 2015; Paulson, 2014). Researchers have

tried to focus on a new regulator of erythropoiesis to alleviate anemia (Suragani et al., 2014). Among all,

anemia of anemia of inflammation (often termed anemia of chronic diseases) and iron-deficiency anemia

are most frequent and often co-exists in people living in the developing countries (Ganz, 2019). The iron

deficiency anemia is prevalent in growing children, premenopausal and pregnant women worldwide,

and usually treated with iron supplementation therapy (Pasricha et al., 2021; Camaschella, 2015, 2019; Far-

rell and Lamont, 1998). Au contraire, anemia of inflammation is common in adults, critically ill, and elderly

population and has classically been associated with chronic systemic inflammatory disorders including

rheumatoid arthritis (Song et al., 2013), inflammatory bowel disease (Kaitha et al., 2015), infections (i.e.,

tuberculosis and acquired immunodeficiency syndrome, AIDS) (Gil-Santana et al., 2019), hematologic can-

cers (Adamson, 2008), and paraneoplastic syndromes (Puthenparambil et al., 2010). Lately, anemia of

inflammation has been identified as the major contributing risk factor for survival in many other patients,

including those with chronic kidney disease (Hanudel et al., 2016), congestive heart failure (Opasich

et al., 2005), chronic obstructive pulmonary disease (Boutou et al., 2015), cystic fibrosis (Fischer et al.,

2007), and even diabetes (Erslev and Besarab, 1997; Thomas, 2007; Thomas et al., 2004; Faquin et al.,

1992; Chatterjee et al., 2019, 2020). The pathogenesis includes involvement of cytokines and cells of the

reticuloendothelial system that negatively affects iron homeostasis, proliferation of erythroid progenitor

cells, production of erythropoietin (EPO), the primary hormone that propels erythropoiesis, and the survival

of red blood cells (Weiss and Goodnough, 2005). The major and promising frontline therapeutic interven-

tions for these types of anemia are blood transfusion or treatment with recombinant EPO that supports
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erythropoiesis (Murphy et al., 2017; Docherty et al., 2018; Weiss and Goodnough, 2005; Goodnough et al.,

2000; De Marchi et al., 1993; Means, 1994). However, both treatments have several drawbacks. Despite sig-

nificant improvements in the blood transfusion process, unavailability of the required blood stock, hospi-

talization cost, possibility of transfusion transmitted diseases, and high mortality remain the cause of

concern (Aapro and Link, 2008; Bennett-Guerrero et al., 2007; Brittenham et al., 2001). On the other

hand, apart from the well-recognized problems of protein-based therapies (i.e., immunogenicity, storage,

stability, cost, and route of administration), recombinant EPO in recent clinical trials have shown tumor pro-

moting and prothrombotic activities (Churchill et al., 2007; Sinclair, 2013; Hu et al., 2016; Lippi et al., 2010).

Therefore, it is of considerable interest to develop an alternative non-protein therapeutic intervention,

preferably with good oral bioavailability that can simultaneously stimulate erythropoiesis and alleviate in-

flammatory responses to treat this debilitating clinical complication. In this regard, engineered nanomate-

rials could be of potential use due to their unique interactions with the biomolecules in the physiological

milieu and tunable physicochemical, optical, and electromagnetic properties that significantly differs from

other synthetic drug molecules because of the nanoscale dimension and consequent quantum effects. In

the last two decades, various nanomaterials have demonstrated effectiveness in treatment of a plethora of

diseases, including cancer, hepatic fibrosis, chronic kidney disease, diabetes, and neurodegenerative dis-

orders (Adhikari et al., 2016, 2021a, 2021b; Hu et al., 2020; Zhang et al., 2018; Ding et al., 2021). Some of

them even received United States Food and Drug Administration (US-FDA) approval for use in the clinical

settings (Anselmo and Mitragotri, 2016; Bobo et al., 2016).

In this study, we introduce an erythropoiesis-stimulating agent (ESA) made up of an engineered nanoma-

terial having the potential to treat anemia of inflammation. The nano-ESA is eventually a spherical nano-

complex consisting of manganese and citrate (i.e., the Mn-citrate nano-complex) and have a diameter of

�2–5 nm. To the best of our knowledge, no precedence of nano-complex or nano-formulation that func-

tions as ESA to increase erythropoiesis in anemic conditions is available in the contemporary literature.

Here, we have synthesized the unique nano-complex, standardized the preparation procedure, and thor-

oughly characterized its physical, chemical, and optical properties using state-of-the-art electron micro-

scopic and spectroscopic techniques. We evaluated therapeutic efficacy of the nano-ESA in the treatment

of anemia using a suitable animal model (i.e., phenylhydrazine (PHz) intoxicated C57BL/6J mice). We have

further explored the underlying molecular mechanism of therapeutic action of the nano-ESA that involved

synergistic upregulation of EPO synthesis, reduction of inflammatory responses, and intracellular redox

buffering.

RESULTS

Physicochemical characteristics of the nano-complex

The transmission electron micrograph (TEM) of the synthesized nanocomplex (Figure 1A) shows the man-

ganese citrate nano-complex (Mn-citrate NC) to be spherical in shape, having a monomodal size distri-

bution. The high-resolution (HR)-TEM of a single particle (Figure 1B) confirms the crystallinity with an

inter-fringe lattice distance of �0.25 nm corresponding to the 330 plane of the a-phase metallic Mn.

Size distribution histogram (Figure 1C) shows the homogeneity in size of Mn-citrate NC. Selected area elec-

tron diffraction (SAED) further confirms the crystallinity of the material (Figure 1A, inset). Figure 1D shows

the powdered X-ray diffraction analysis of the nanomaterial. The diffraction peaks could be assigned to the

a-phase metallic Mn or MnO. This indicates the presence of a metallic core made up of a-Mn, and the sur-

face Mn formed oxide with the citrate. This provides a unique structure to a commonly available metal that

has not been characterized until date.

The absorbance spectra showed ligand tometal charge transfer (LMCT) bands around 280 and 320 nm, and

d-d transition bands around 430 and 510 nm, lifted by forbidden Jahn-Tellar distortion (Figures S1, A and A,

inset). The appearance of LMCT band further confirms the presence of Mn-citrate bond at the surface of the

nanocomplex. Figure S1B shows the emission peaks when excited at the absorption bands. Figure S1C

shows the corresponding excitation spectra that complement the absorption bands.

The nano-complex in prevention of anemia

Next, we evaluated the efficacy of the nanomaterial for the treatment of anemia in a preclinical animal

model of anemia. Here, animals were administered phenylhydrazine (PHz), a known hemolytic agent for in-

duction of anemia. The Mn-citrate NCs were simultaneously treated (co-treatment) in order to test their

role as a preventive medicine. At first, we monitored the effect of Mn-citrate NC on hemoglobin (Hb) level
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for 14 days at regular intervals after co-treatment with single intraperitoneal injection (i.p.) of PHz and oral

administration of Mn-citrate NC.

Mice treated with PHz alone developed anemia within first 6 h of administration (Hb: 9.9 G 0.30 g dL�1;

p < 0.0001, F (4, 40.29) = 337.3, one-way ANOVA, compared to control, Hb:13.64G 0.34 g dL�1) (Figure 2A).

Drastic reduction of Hb in PHz-treated mice confirmed the induction of severe hemolysis and anemia due

to PHz intoxication. On the other hand, in co-treated mice, Hb level was within the normal range (Hb:

13.05 G 0.35 g dL�1, p < 0.0001, one-way ANOVA), which was much higher than the PHz intoxicated

mice. Figures 2A and 2B further depicts that on day 4 the Hb level reached its lowest in the PHz-intoxicated

animals. Whereas, the animals co-treated with PHz + Mn-citrate NC never developed anemia. The animals

treated with Mn-citrate alone maintained normal Hb level throughout the experimental period.

We continuedmonitoring the Hb level up to day 14. There was no promising increase in Hb level of the PHz-

intoxicated mice on day 8 (Hb: 8.07 G 0.63 g dL�1; p < 0.0001, F (4, 42.83) = 315.4, one-way ANOVA,

compared with control Hb: 13.29 G 0.47 g dL�1), whereas, the mice co-treated with PHz + Mn-citrate

NC (Hb:13.11 G 0.51 g dL�1, p < 0.0001, one-way ANOVA) prevented the Hb-loss and recovered normal

Figure 1. Physicochemical characteristics of Mn-citrate nanocomplex

(A) TEM of the complex. Inset shows SAED pattern of the same.

(B) HR-TEM of a single particle.

(C) Size distribution.

(D) XRD of the nanocomplex shows signature of metallic Mn as well as MnO crystal. See also Figure S1.
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Hb-level (Figure 2A). Cumulatively, these results suggest that Mn-citrate NC effectively prevents the pro-

gression of anemia induced by PHz administration. We still monitored the Hb level up to day 14 to know the

recovery period of PHz-induced anemia in mice model (Figure S3A). On day 10, mice treated with only PHz

showed slightly increased Hb level (Hb: 10.67 G 0.34 g dL�1; p < 0.0001, F (4, 39.81) = 216.4, one-way

ANOVA, compared with control Hb:14.05 G 0.49 g dL�1) but still within the range of mild anemic region.

The Hb level of PHz-intoxicated mice reached to normal condition (Hb: 13.97 G 0.27 g dL�1; p = 0.9314, F

(4, 37.95) = 16.2, one-way ANOVA, compared with control Hb:13.98 G 0.27 g dL�1) on day 14. We also

Figure 2. Efficacy of Mn-citrate nanocomplex in protection of anemia in animal model

(A) Hemoglobin concentration throughout the study. Single dose of nanocomplex was able to prevent anemia

development. (B) Hemoglobin concentration on day 4.

(C) RBC count throughout the study. NCs successfully prevented the progressive decrease of RBCs.

(D) RBC count on day 4. Data are expressed as mean G SD (n = 10). Individual data points are represented as colored

circles (n = 10). One-way ANOVA followed by correction of false discovery rate (post hoc FDR: 2-stage step up method of

Benjamini, Krieger, and Yekutieli) for multiple comparisons was performed for comparison between multiple groups. See

also Figure S3.
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measured the RBC count at regular intervals up to 14 days (Figure S3B). Significant decrease in RBC count

was observed in the mice treated with PHz alone (RBC: 3.01G 0.36 106 mL�1; p < 0.0001, F (4, 42.86) = 266.8,

one-way ANOVA) compared with the control (RBC: 6.57 G 0.40 106 mL�1) on day 4 (Figures 2C and 2D).

Co-treated mice showed remarkably higher RBC count (RBC: 5.32 G 0.35 106 mL�1) in comparison to

PHz-intoxicated mice (p < 0.0001, one-way ANOVA). There was no significant increase in RBC count in

PHz-intoxicated mice on day 8 (RBC: 3.98 G 0.35 106 mL�1; p < 0.0001, F (4, 43.62) = 224.0, one-way

ANOVA). The co-treated group showed similar trend to the Hb level and reached almost normal RBC count

(RBC: 6.21 G 0.31 106 mL�1) on day 8 (Figure 2C). We continued monitoring RBCs count up to day 14 to

validate the recovery duration of PHz-induced anemia in mice model (Figure S3B). The PHz-intoxicated

mice could not reach the normal level but showed a slightly increased RBC count (RBC: 5.13 G 0.34 106

mL-1; p < 0.0001, F (4, 43.61) = 94.34, one-way ANOVA) compared with the control (RBC: 6.51 G 0.29 106

mL�1) on day 10. And the mice treated with only PHz reached its normal RBC count (RBC: 6.66 G 0.25

106 mL�1; p = 0.1860, F (4, 43.38) = 4.196, one-way ANOVA) compared with the control (RBC: 6.49 G

0.29 106 mL�1) on day 14. On the other hand, mice co-treated with PHz + citrate demonstrated same recov-

ery period as PHz-intoxicated mice. Treatment with citrate failed to normalize the Hb level and RBC count

(Figure S3) rapidly, confirming the observed effects solely due to the conjugated nanocomplex.

Next, to evaluate the physical features of RBCs, we investigated other RBC indices like mean corpuscular

volume (MCV), mean corpuscular hemoglobin concentration (MCHC), mean cell hemoglobin (MCH), he-

matocrit (HCT) value etc. (Table S1). We found significantly increased MCV in PHz-only-treated mice

(MCV: 107.2 G 13.11 fL; p < 0.0001, F (5, 18.31) = 24.57, one-way ANOVA) compared with the control

mice (MCV: 62.50 G 5.19 fL) on day 4. Co-treatment with PHz + Mn-citrate NC showed remarkably

improved MCV (66.97 G 6.10 fL) in comparison to PHz-intoxicated mice (p < 0.0001, one-way ANOVA).

PHz-intoxicated mice demonstrated notably lower MCHC (MCHC: 18.58 G 2.18 g dL�1; p < 0.0001, F (5,

28.17) = 49.01, one-way ANOVA) compared with control (MCHC: 33.60 G 2.14 g dL�1). PHz + Mn-citrate

NC co-treated mice maintained MCHC within the normal range (MCHC: 31.15 G 1.91 g dL�1) compared

with PHz-intoxicated untreated mice (p < 0.0001, one-way ANOVA). On the other hand, we did not observe

any significant difference in case of MCH between groups (p = 0.7042, F (5, 23.64) = 0.5947, one-way

ANOVA). Mice treated with PHz alone showed MCH value (MCH: 19.92G 3.47 pg) similar to that of control

(MCH: 20.98 G 2.01 pg, p = 0.9707, one-way ANOVA). Similarly, co-treatment with PHz + Mn-citrate NC

demonstrated normal MCH value (MCH: 20.87 G 2.11 pg) alike to that of control mice (p = 0.9240, one-

way ANOVA). Administration of PHz alone significantly reduced hematocrit (Hct) value (Hct: 31.77 G

1.76%, p < 0.0001, F (5, 29.46) = 26.92, one-way ANOVA) compared with control (Hct: 40.89 G 1.95%).

Reduction in Hct value further confirmed induction of PHz-induced hemolysis. Co-treatment with PHz +

Mn-citrate NC showed slightly improved Hct value (Hct: 35.46 G 1.94%) in comparison to the PHz-intoxi-

cated mice (p = 0.0064, one-way ANOVA). No significant variation in any hematological parameter in

mice treated with Mn-citrate NC alone during the entire experimental period indicated its hemocompat-

ibility. The results altogether suggest that the Mn-citrate NC can efficiently prevent hemoglobin drop.

The nano-complex in treatment of anemia

The successful prevention of anemia by Mn-citrate NC motivated us to test its therapeutic potential

against anemia. Here, instead of co-treatment the nano-complex was administered orally after induction

of anemia. Effect of Mn-citrate NC on Hb level and RBC count was monitored at 2-day interval up to day

14, after treatment with single oral dose of Mn-citrate NC, once Hb level reached 6.19 G 0.43 g dL�1

(compared with 13.62 G 0.42 g dL�1 of control; p < 0.0001, F (4, 44.47) = 922.9, one-way ANOVA)

and RBC count reached 3.19 G 0.24 106 mL�1 (compared with 6.76 G 0.30 106 mL�1of control;

p < 0.0001, F (4, 43.69) = 489.1, one-way ANOVA) on day 4 due to PHz intoxication (Figures 3A and

3B). As the results suggest, Mn-citrate NC was able to irreversibly increase both Hb level (10.27 G

0.35 g dL�1; p < 0.0001, F (4, 40.88) = 678.9, one-way ANOVA) and RBC count (5.03 G 0.28 106 mL�1;

p < 0.0001, F (4, 43.75) = 279.7, one-way ANOVA) to normal range within 48 h. Furthermore, Mn-

citrate-NC-treated mice showed higher Hb level (13.11 G 0.56 g dL�1; p < 0.0001, F (4, 42.67) =

387.7, one-way ANOVA) and RBC count (6.39 G 0.28 106 mL�1; p < 0.0001, F (4, 43.57) = 213.6, one-

way ANOVA) compared with PHz-induced anemia model (Hb level: 8.16 G 0.46 g dL�1and RBCs:

4.05 G 0.35 106 mL�1) on day 8 (Figures 3C and 3D). So, these results confirm that Mn-citrate NC can

effectively cure acute anemia in a short time. On the other hand, citrate-treated mice failed to recover

from anemia same as PHz-only- intoxicated mice. In addition citrate-treated mice showed very low level

of Hb (07.38 G 0.41 g dL�1; p < 0.0001) and RBC count (3.77 G 0.28 106 mL�1; p < 0.0001) on day 8 in
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comparison to control mice (Hb: 13.72 G 0.41 g dL�1 and RBCs: 6.69 G 0.32 106 mL�1) (Figure S4). So, it

also validates that treatment with citrate was unable to normalize the Hb level and RBC count (Figure S4),

confirming the observed potential solely due to the conjugated nanocomplex.

The nano-complex in protection of hemolysis and prevention of splenomegaly

PHz administration induces severe type of hemolysis through its interaction with RBCs in mice (Spivak et al.,

1973). To further understand the severity of hemolysis as well as structural changes of RBCs due to intoxication

of PHz, we prepared blood smears on glass slides, stained with Leishman stain and evaluated under themicro-

scope.We observed significantly low number of normal RBCs on blood smear in case of mice treated with only

PHz compared with co-treated mice (Figures 4A and 4B). Furthermore, PHz-administered mice also showed

many times higher proportion of hemolysis and abnormally shaped RBCs compared with mice treated with

PHz andNC both (Figure 4A). Co-treatedmice also demonstrated a very low number ofWBCs on blood smear

compared with mice treated with PHz alone (Figure 4A). We also performed complete blood count (CBC)

including WBC count in cell counter to confirm the result. The CBC result showed PHz-treated mice had

2.37-fold higherWBCs in blood in comparison to control mice (Table S1). And PHz + NC-treatedmice showed

Figure 3. Efficacy of Mn-citrate nanocomplex as therapeutic medicine against anemia in animal model

(A) Hemoglobin concentration and (B) RBC count throughout the study. Single dose of nanocomplex was able to restore

normal hemoglobin concentration and RBC count within 48 h.

(C) Hemoglobin concentration on day 8.

(D) RBC count on day 8.

(E) Serum erythropoietin (EPO) level on day 5. Data are expressed as mean G SD (n = 10). Individual data points are

represented as colored circles (n = 10). One-way ANOVA followed by correction of false discovery rate (post hoc FDR:

two-stage step up method of Benjamini, Krieger, and Yekutieli) for multiple comparisons was performed for comparison

between multiple groups. See also Figures S4 and S2.
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almost normal level of WBCs in blood. This finding strongly indicates toward the activation of severe systemic

inflammation in physiological milieu caused by PHz administration (Chmielewski and Strzelec, 2018). On the

other hand, PHz can promote tremendous oxidative stress to the RBCs, leading to hemolysis of prone RBCs

(Goldberg and Stern, 1977). So, we performed osmotic fragility test (OFT) on day 4 to measure erythrocyte

resistance to hemolysis. The Figure 4C depicts the percentage of hemolysis of the RBCs of the co-treated

mice is less considerable than that of the mice treated with only PHz. So, these results indicate that the NC in-

creases the osmotic resistance of the RBCs of themice treatedwith PHz. Hence, it canbe reasonably concluded

that Mn-citrate NC impedes the oxidative stress induced by PHz.

Previous studies also reported that severe splenomegaly (abnormal enlargement of spleen) was pro-

voked due to the accelerated abnormal removal of damaged RBCs by resident macrophages in the

Figure 4. Potential of Mn-citrate nanocomplex in protection of blood cells and architecture of spleen

(A) Leishman-stained blood smear across all groups. Scale bar: 50 mm. (B) Percentage of normal RBCs. (C) Percentage of hemolysis.

(D) Relative spleen weight (E) H&E-stained spleen sections under microscope. Scale bar: 100 mm.

(F) Histology score. Data are expressed as meanG SD (n = 10). Individual data points are represented as colored circles (n = 10). One-way ANOVA followed

by correction of false discovery rate (post hoc FDR: two-stage step up method of Benjamini, Krieger, and Yekutieli) for multiple comparisons was performed

for comparison between multiple groups. See also Figure S5.
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spleen, which may lead to substantial changes in the composition of the cell population in a short time

and induction of inflammation in case of treatment with PHz (Rokushima et al., 2007; Nyakundi et al.,

2019; Tolosano et al., 2002). So, we measured the relative spleen weight and analyzed the structural

changes of hematoxylin and eosin (H&E)-stained spleen sections under microscope to assess the dam-

age done to spleen. The relative spleen weight was 2-fold higher (Figure 4D) in PHz administered mice

(Relative spleen weight: 0.0123 G 0.0011; p < 0.0001, F (3, 33.99) = 74.40, one-way ANOVA) compared

with control mice (relative spleen weight: 0.0062 G 0.0009). At the same time, co-treatment with PHz +

Mn-citrate NC in mice showed remarkably lower relative spleen weight (relative spleen weight: 0.0084 G

0.0008) compared with PHz-intoxicated mice (p < 0.0001, one-way ANOVA) and close to control mice

(Figure 4D).

H&E-stained spleen sections of the control and Mn-citrate-NC-treated groups showed normal histological

features, which comprised of ideal red and white pulp region (Figures 4E and S5). The spleen sections from

PHz-administered mice displayed severe pathological damages such as white pulp atrophy and red pulp

degeneration (Figures 4E and S5). Treatment with Mn-citrate NC notably reduced splenic tissue necrosis

(Figure 4 e and f). It also showed normal white pulp region and increasing red pulp area with extramedullary

hematopoietic cells. It indicates increased erythropoiesis in spleen under hypoxia due to increased eryth-

ropoietin production (Bozzini et al., 1970). Overall, Mn-citrate NCwas able to efficiently impede themarked

detrimental changes in the spleen architecture of anemic animals.

The nano-complex ameliorates inflammatory response

As reported, immune activation, especially elevation in the lymphocyte population, is closely associ-

ated with PHz-induced anemia (Naughton et al., 1990), and our study also found high level of white

blood cell count in CBC parameter and blood smear, we analyzed splenic T-lymphocyte subgroups

(CD4+ and CD8+ cells) by flow cytometry to know the overall inflammation status of the system in

anemia of inflammation mice model (Mcbride and Striker, 2017). As shown in Figure 5A, there

was remarkable decrease in the ratio of splenic CD4+/CD8+ T-lymphocytes of PHz-treated mice

(CD4+/CD8+ T-lymphocytes: 1.56 G 0.06; p < 0.0001; F (3, 32.43) = 67.72, one-way ANOVA) in com-

parison to control mice (CD4+/CD8+ T-lymphocytes: 2.02 G 0.08). Mice co-treated with PHz + Mn-

citrate NC showed notably higher ratio of CD4+/CD8+ T-lymphocytes (CD4+/CD8+ T-lymphocytes:

2.01 G 0.10) than PHz-intoxicated mice (p < 0.0001). No difference was observed between the

Mn-citrate-NC-treated and the control groups (p = 0.0848). The histopathological examination of

spleen tissues of PHz-intoxicated mice also indicated toward the same phenomenon i.e. infiltration

of inflammatory cells i.e. macrophages. And it also demonstrated the reduction in inflammatory cells

population in PHz + Mn-citrate NC co-treated mice than PHz-treated mice (Figure 4E). So, we also

performed touch preparation of spleen to evaluate the extent of tissue-resident macrophages i.e.

histiocytes. Leishman’s-stained spleen smear showed extremely high percentage of histiocytes in

PHz-intoxicated mice. We observed a very low number of histiocytes in spleen of PHz + Mn-citrate

NC co-treated mice (Figure 5G, right). So, these results indicated toward severe inflammatory

response generated by PHz administration and functioning of Mn-citrate NC as preventive agent

against inflammation in physiological milieu.

The molecular and histopathological examination findings propelled us to evaluate the pro-inflammatory

cytokines levels in the physiological milieu. Macrophage and other lymphocytes infiltration generally fol-

lowed by subsequent rise in tumor necrosis factor alpha (TNF-a), interferon gamma (IFN-g), and other

cytokines (Adhikari et al., 2021a, 2021b; Arango Duque and Descoteaux, 2014). So, we evaluated time-

dependent expression of different cytokines in blood over the recovery period of our study (Figure S6).

We found significant increases in plasma concentrations of TNF-a, IFN-g, interleukin-6 (IL-6), IL-1b, and

IL-10 in PHz-administered animals (Figure 5B–5F). Co-treatment with PHz +Mn-citrate NC successfully pre-

vented the increase in the cytokine levels. Moreover, mice treated with PHz +Mn-citrate NC showed almost

normal level of cytokines in blood on day 6 (Figure S6). In contrast, only PHz-treated mice showed remark-

ably high level of cytokines on day 6. No difference was observed between the Mn-citrate-NC-treated and

the control groups. These results strongly indicate toward the anti-inflammatory potential of Mn-citrate NC

in treatment of anemia of inflammation.

Several studies have also reported that inflammation (mainly cytokines)-induced hypoferremia is one of the

clinical manifestations in anemia of inflammation. It is caused due to excessive iron sequestration in the
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macrophages of reticuloendothelial system, which comprises liver, spleen, and lung (Ganz and Nemeth,

2009; Weiss and Goodnough, 2005). So, we prepared touch preparations of spleen for iron stain. Perls’

Prussian-blue-stained spleen touch preparation of PHz-administered mice showed very high level of iron

storage in comparison to control mice (Figure 5G, left). On the other hand, co-treatment with PHz + Mn-

citrate NC resulted in a remarkable decrease in the iron storage level in spleen (Figure 5G, left). These re-

sults clearly indicated that the treatment with Mn-citrate NC prevents inflammation-mediated excessive

iron sequestration in spleen.

Figure 5. Role of Mn-citrate nanocomplex in amelioration of inflammatory response

(A) CD4+/CD8+ T-lymphocytes ratio. (B) Serum TNF-a level. (C) Serum IFN-g level. (D) Serum IL-6 level. (E) Serum IL-1b level. (F) Serum IL-10 level. (G) Touch

preparation of spleen tissue stained with Leishman stain; scale bar: 25 mm (Right) and Perls’ Prussian blue stain (Left); scale bar: 50 mm. Data are expressed as

mean G SD (n = 10). Individual data points are represented as colored circles (n = 10). One-way ANOVA followed by correction of false discovery rate (post

hoc FDR: two-stage step up method of Benjamini, Krieger, and Yekutieli) for multiple comparisons was performed for comparison between multiple groups.

See also Figure S6.
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The nano-complex reduces oxidative damage associated with anemia of inflammation

The progression of anemia is closely associated with the oxidative status of the system. Therefore, we have

evaluated the extent of lipid peroxidation, a potential biomarker for oxidative damage to test the efficacy

of Mn-citrate NC on protection against oxidative-stress-induced damages (Niki, 2008). The malondialde-

hyde (MDA)level was over 2-fold higher in PHz-treated mice (MDA: 50.26 G 4.95 nmol MDA ml�1;

p < 0.0001, F (5, 49.42) = 39.36, one-way ANOVA) compared with control group (MDA: 21.32 G

4.08 nmol MDA ml�1) (Figure 6B). These findings confirmed that the oxidative damage had been success-

fully induced by PHz administration. At the same time co-treated mice showed remarkably less MDA con-

tent (MDA: 29.56 G 6.67 nmol MDA ml�1) compared with PHz-administered group (p < 0.0001, one-way

ANOVA); this suggests that the Mn-citrate NC played a significant role in diminishing the oxidative dam-

age. We also monitored the level of different antioxidant enzymes in RBCs to investigate the supportive

role of Mn-citrate NC against oxidative stress in the physiological milieu on day 4. There was a significant

decline in SOD (�60%), CAT (�41.04%), and GPx (�52.51%) activities in PHz-treated mice compared with

control group (SOD: p < 0.0001, F (5, 52.53) = 97.07, one-way ANOVA; CAT: p < 0.0001, F (5, 52.78) = 32.33,

one-way ANOVA; GPx: p < 0.0001, F (5, 51.10) = 58.85, one-way ANOVA). Co-treated mice demonstrated

Figure 6. Ability of Mn-citrate nanocomplex to act as an erythropoiesis-stimulating agent in protection of RBCs from oxidative damage

(A) Erythropoietin (EPO) concentrations. (B) Extent of lipid peroxidation (MDA, malonaldehyde content) measured in terms of thiobarbituric acid reactive

substances (TBARS).

(C) Superoxide dismutase (SOD) activity.

(D) Gluthione peroxidase (GPx) activity.

(E) Catalase (CAT) activity. Data are expressed as mean G SD (n = 10). Individual data points are represented as colored circles (n = 10). One-way ANOVA

followed by correction of false discovery rate (post hoc FDR: two-stage step up method of Benjamini, Krieger, and Yekutieli) for multiple comparisons was

performed for comparison between multiple groups. See also Figures S7 and S2.
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remarkably higher SOD (�105.88%), CAT (�54.46%), and GPx (�86.24%) activities compared with PHz-in-

toxicated mice (p < 0.0001, one-way ANOVA) (Figures 6C–6E). Thus, treatment with Mn-citrate NC showed

excellent efficacy in strengthening the antioxidant defense system of RBCs to combat oxidative stress.

The nano-complex upregulates erythropoietin synthesis

Previous studies illustrated the potential role of ROS (cellular oxidative status) in EPO production and

consequent erythropoiesis including hypoxia-induced erythropoiesis (Fandrey et al., 1994, 1997; Zhao

et al., 2016). As our results suggest that the Mn-citrate NC has cellular redox modulatory properties, we

measured time-dependent expression of the serum EPO level over the recovery period of our study to

assess the effect of Mn-citrate NC on EPO synthesis (Figure S7).

Surprisingly, in our phase-1 study, co-treated mice demonstrated a 1.79-fold higher EPO level (EPO:

55.12 G 3.72 pg ml�1; p < 0.0001, F (3, 35.11) = 362.2, one-way ANOVA) compared with PHz-treated

mice (EPO: 30.66 G 3.42 pg ml�1) on day 4. In fact, co-treated mice had around 5-fold higher EPO level

compared with control mice (EPO: 10.56G 3.77 pg ml�1, p < 0.0001, one-way ANOVA) (Figure 6A). Further

investigation showed that single oral dose of Mn-citrate NC maintained around 2.68-fold higher EPO level

(EPO: 32.07G 3.89 pg ml�1; p < 0.0001, F (3, 32.20) = 106.5, one-way ANOVA) compared with control mice

(EPO: 11.96 G 3.03 pg ml�1) on day 8 (Figure S7).

Again, in our phase-2 study, we found a 2.32-fold higher EPO level in mice treated withMn-citrate NC (EPO:

93.29 G 4.56 pg ml�1; p < 0.0001, F (3, 31.56) = 1131, one-way ANOVA) compared with PHz-administered

mice (EPO: 40.09G 3.47 pg ml�1) on day 5. Most surprisingly, Mn-citrate NC-treated mice showed�9-fold

higher EPO level in comparison to control mice (EPO: 10.56 G 3.77 pg ml�1; p < 0.0001, one-way ANOVA)

(Figure 3E). So, these results support the observed high level of erythropoiesis (i.e., production of RBCs)

induced with single oral dose of Mn-citrate NC via stimulation of EPO production in anemicmice. As kidney

plays a vital role in erythropoiesis, we have analyzed the structural integrity of hematoxylin and eosin (H&E)-

stained kidney sections under microscope to assess whether treatment with Mn-citrate NC caused any kind

of damage to kidney or not. The histological analysis of kidney showed no damage, and the normal struc-

ture of medulla and cortex was maintained in Mn-citrate-NC-treated mice (Data not shown here). So, treat-

ment with Mn-citrate NC did not cause any kind of toxicity to kidney in mice.

The reason behind upregulated erythropoietin synthesis

One of the main physiological reasons behind the upregulation of EPO synthesis may be induction of local

hypoxia and modulation of hypoxia-induced EPO synthesis (HIF system) pathway. Previous studies have

shown that some transition metals (cobalt, nickel, and manganese) can mimic the hypoxic state by

substituting the ferrous iron of the newly synthesized porphyrin ring, thereby locking the heme protein

in the deoxy conformation just as at low oxygen tension and resulting in stimulation of EPO production

(Goldberg et al., 1988; Huang et al., 1997). To test this hypothesis, we tested whether Mn-citrate NCs

can successfully be incorporated into the newly synthesized protoporphyrin ring of hemoglobin. We stud-

ied the interaction of Mn-citrate NC with the porphyrin rings of hematoporphyrin (hp) using steady state

fluorescence spectroscopy.

In the photoluminescence study, hematoporphyrin showed a strong emission at �616 nm and another

emission peak of lower intensity at �677 nm, on excitation at �410 nm (Figure S2A). In the presence of

Mn-citrate NC, the fluorescence intensities of both the emission peaks reduced drastically due to the

incorporation of the NC in the porphyrin moiety (Patwari et al., 2018). This phenomenon of fluorescence

quenching can be due to various molecular events e.g. molecular re-arrangements, ground-state complex

formation, energy transfer, and excited state collisional quenching. In this case, no discernable shift in the

emission maxima or shape in the fluorescence spectra was observed, instead the quenching behavior

adhered to the Stern-Volmer equation.

The upward curvature of the Stern-Volmer plot (Figure S2A, inset) without any dependence on the NC

signifies that neither simple nor dynamic (linear F0/F vs [Mn-citrate NC] nor combined static or dynamic

(second-degree polynomial) quenching model was able to describe the quenching model. Thus, a com-

bined ‘‘sphere of action’’ dynamic quenching model was required to describe the quenching behavior

of hematoporphyrin with Mn-citrate NC. This signifies that bymeans of Poisson distribution, the probability

of an NC is significant enough to quench the fluorophore hematoporphyrin. The deviation from the linear
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Stern-Volmer behavior can be due to the plausible Coulombic interactions between hematoporphyrin and

Mn-citrate NC in the excited state. This could be further supported by the time-resolved studies that show a

decrease in lifetime of the fluorophore. The functional form of the quenching model is

F0

F
= ð1 + KD ½Q�ÞeðKe ½Q�Þ

where F0 and F are the fluorescence intensities in the absence and presence of the quencher molecule [Q],

which is the Mn-citrate NC; KD and Ke are the Stern-Volmer quenching constant. The constants KD and Ke

were found by nonlinear least-squares regression of the data.

The value of bimolecular quenching constant kq(KD/t0) has been found to be�6.713 1012 M�1s�1, which is

more than the diffusion control limit (�1010 M�1s�1). This in turn indicates binding of theMn-citrate NCwith

hematoporphyrin. The double logarithmic plot reveals an association constant of 6.3 3 103 M�1 and the

number of binding sites (n) to be 0.7, according to the equation

log
F0 � F

F
= log Ka + n log½Q�

where Ka denotes the association constant and n indicates the number of binding sites. This indicates a

molecular binding between hematoporphyrin and Mn-citrate NC ions forming a stable complex with a

mole ratio of �0.7:1 in between hematoporphyrin and Mn-citrate NC (Patwari et al., 2018). Thus, spectro-

scopic studies confirm a strong binding of Mn-citrate NC with the porphyrin moiety of hematoporphyrin

molecule (Figure S2B–S2D).

DISCUSSION

In this study, we report synthesis, characterization, and unique in vivo prophylactic as well as therapeutic

activity of an erythropoiesis-stimulating nano-agent (nano-ESA), Mn-citrate nanocomplex (�2–5 nm diam-

eter) against anemia, particularly anemia of inflammation. We provide direct evidence that orally adminis-

trable nano-ESA (0.25 mg kg�1 BW) can increase both Hb-level (Hb: 13.11 G 0.48 g dL�1 compared with

8.07 G 0.59 g dL�1 of the anemic model) and erythrocyte count (RBC: 6.21 G 0.31 106 mL�1 compared

with 3.98 G 0.35 106 mL�1 of the anemic model) in the systemic circulation of the chemical-induced rodent

model of severe anemia. Treatment with nano-ESA also impedes extent of hemolysis, maintains structural

integrity as well as increases osmotic resistance capacity of erythrocytes. The histopathological and molec-

ular analysis of the spleen indicates significant decline in inflammatory markers like cytokines, helper T cells

(CD4+cells), cytotoxic T cells (CD8+cells), macrophages etc. The molecular mechanism of action of this

nano-ESA is multifaceted (Figure 7): (1) amelioration of inflammatory response; (2) reduction of the oxida-

tive distress, a causal factor for the destruction of RBC in several disease conditions; and (3) upregulation of

EPO synthesis through binding to free porphyrins, in turn, simulating a condition of hypoxia.

PHz intoxication has long been considered a classic model to study effectiveness of new drug molecules

against anemia, as it closely resembles the pathophysiological conditions in humans (Hara and Ogawa,

1976; Itano et al., 1975; Lee et al., 2014). Apart fromoxidative destruction of erythrocytemembrane proteins,

PHz stimulates production of autologous immunoglobulin G (IgG), which on being recognized by macro-

phage Fc receptor mechanism triggers rapid erythrophagocytosis in the spleen and liver (Naughton

et al., 1990). Furthermore, several studies have indicated that free heme and hemoglobin released by rapid

erythrocyte breakdown (hemolysis) subsequently induce high level of oxidative distress resulting in inflam-

matory response and excessive cytokine production leading to the pathophysiological condition of anemia

of inflammation (Sparkenbaughet al., 2015;Wagener et al., 2001; Schaer et al., 2013; Bozza and Jeney, 2020).

In this context, treatment with Mn-citrate NC already showed excellent efficacy in strengthening the

antioxidant defense system of RBCs to combat oxidative stress and associated damages. So, nano-ESA is

functioning as a redox-modulating agent to maintain redox homeostasis in the physiological milieu. As a

result, nano-ESA can reduce the systemic inflammatory response throughmaintaining normal oxidative sta-

tus of the system. And nano-ESA also prevents hemolysis through reduction of oxidative distress, which

leads to reduced hemolysis. In continuation to our discussion, we have observed severely low ratio of splenic

CD4+/CD8+ T-lymphocytes [0.5] in PHz-intoxicated anemic mice, indicating altered immune activity, im-

mune senescence, and especially a state of chronic inflammation (Mcbride and Striker, 2017; Appay and

Sauce, 2008; Wikby et al., 2005). Interestingly treatment with nano-ESA significantly improved the CD4+/

CD8+ ratio [1.4]. Further, our results clearly demonstrate that treatment with nano-ESA downregulates
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the pro-inflammatory markers like TNF-a, IFN-g, and other cytokines (IL-6, IL-1b, and IL-10), which have pre-

viously been described as the causative cytokines produced by the inflammatory cells particularly in severe

state of anemia of inflammation.

A hallmark of this kind of anemia is the pro-inflammatory-cytokines-induced dysregulation of iron homeo-

stasis in physiological milieu, with increased uptake and retention of iron within the cells of reticuloendo-

thelial system (RES) like liver, spleen, lung etc (Weiss and Goodnough, 2005) (Ganz and Nemeth, 2009). It

leads to a shifting of iron pool from the circulation into the storage sites of the RES. And this diversion

causes limitation of the availability of iron for erythroid progenitor cells, which leads to iron-restricted eryth-

ropoiesis in physiological milieu. In addition to that, the acquisition of iron predominantly takes place

Figure 7. Pathophysiological mechanism of action of Mn-citrate nanocomplex in treatment of anemia of

inflammation

The microbial invasion, appearance of malignant cells, or immune dysregulation causes hyperactivation of T cells and

monocytes in physiological milieu. These cells elicit different immune effector pathways like production of cytokines from

T cells (IFN-g) and monocytes or macrophages (TNF-a, IL-6, IL-1b, and IL-10). And those cytokines’ activities lead to a

diminished the free iron level in circulation by different ways and thus to a reduced availability of iron for erythropoiesis

and development of anemia. Mn-citrate nanocomplex prevents anemia of inflammation condition by (A) inhibiting the

immune effector mechanisms, (B) upregulation of erythropoietin (EPO) synthesis through binding to free porphyrins, in

turn stimulating a condition of hypoxia, and (C) preventing the destruction of RBCs through reducing oxidative stress in

physiological milieu. Plus signs represent stimulation and minus signs represent inhibition. DMT1; divalent metal

transporter 1.
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through erythrophagocytosis by macrophages in anemia of inflammation. Our results also showed high

level of iron storage and macrophages in spleen tissue of PHz-intoxicated anemic mice. In this context,

we found treatment with nano-ESA remarkably reduces the excessive iron sequestration in tissues and

also decreases macrophages, which help to maintain iron homeostasis in the physiological system. There-

fore, amelioration of inflammatory response is probably one of the several mechanisms that contribute to

the therapeutic activity of the nano-ESA. The reduction of splenomegaly and restoration of normal spleen

architecture as observed in the histopathological analysis further supports this argument.

We have used citrate in preparation of nano-ESA (Mn-citrate nanocomplex) to make the nanocomplex sta-

ble and soluble in water at physiological environment. Previous publications showed that isocitrate can be

used in treatment of anemia of inflammation through inducing reticulocytosis, suppressing erythroid iron

restriction response etc. These studies also indicate a very high amount of isocitrate required for effective

response and also lacks EPO enhancing property (Richardson et al., 2013) (Kim et al., 2016). But in our study,

we did not observe any kind of significant beneficial role of citrate in treatment of anemia of inflammation. It

may be due to the very low amount of citrate (0.15 mg kg�1 BW) used in our study as this very low amount of

citrate is required for the preparation of therapeutic dose of Mn-citrate NC.

Oxidative damages and inflammation are known to be tied together in the physiological systems (Hajjar

and Gotto, 2013; Mittal et al., 2014; Forrester et al., 2018). PHz creates significant oxidative damage to

the erythrocyte membranes as indicated by high lipid peroxidation content in the blood of the PHz-treated

animals. The level of lipid peroxidation was significantly lowered and an enhancement in the activity of the

antioxidant enzymes (e.g., SOD, CAT, GPx) was observed in mice co-treated with PHz and nano-ESA. It is

worth mentioning here that the SOD, CAT, and GPx triad forms the basis of fundamental of cellular

response to oxidative damage (Adhikari et al., 2018). Therefore, together the results are suggestive of

the protective activity of nano-ESA from oxidants that plays a crucial role in decreasing the pro-inflamma-

tory activity, in turn, preventing the RBCs from destruction.

Acute anemic stress induces tissue hypoxia, which leads to the activation of a physiological stress response

called stress erythropoiesis designed to improve oxygen delivery to tissues. The increased erythropoiesis is

a key component of this response. Previous studies suggested that as anemia progresses, tissue hypoxia

increases and leads to the induction of erythropoietin expression in the kidney. The increase in serum EPO

concentration drives the expansion and differentiation of bone marrow erythroid progenitors. In the

mouse, stress erythropoiesis predominantly occurs in the spleen (Paulson et al., 2011) (Wang et al.,

2021). In this study, we have observed severe pathological damages like white pulp atrophy, red pulp

degeneration, and no trace of extramedullary hematopoietic cells in spleen due to PHz intoxication.

And PHz-intoxicated mice also showed insufficient amount of EPO in blood. So, these results indicate

that erythropoiesis pathway is not functioning well due to oxidative damage and other detrimental effects

of PHz intoxication. Interestingly, treatment with nano-ESA notably reduced splenic tissue necrosis and

increased normal white pulp region and red pulp area with extramedullary hematopoietic cells. It indicates

increased erythropoiesis in spleen due to increased erythropoietin production. And we have also found

elevated EPO level in nano-ESA-treated mice. Further, we did not find any kind of detrimental effect in kid-

ney of nano-ESA treated mice. So, another possible mechanism behind the therapeutic action could be the

induction of EPO synthesis by nano-ESA administration. EPO and its long-acting analogs are widely used to

support erythropoiesis in patients with CKD, cancer, and other forms of anemia associated with insufficient

endogenous production of it (Macdougall, 2012). Theoretically, alternative approaches that stimulate EpoR

may have additional clinical benefits when compared with EPO-based therapies, including oral bioavail-

ability and/or additional erythropoietic activities (Wrighton et al., 1996). Here, the observed upregulation

of EPO synthesis may have occurred via the hypoxia-inducible factor (HIF)-1-related signaling pathway.

HIF-1 is a heterodimeric transcription factor stabilized in hypoxic conditions. Stabilized HIF-1 translocates

to the nucleus to bind to hypoxia response elements in a cassette of genes that mediate adaptive re-

sponses to combat hypoxia. HIF-1 consists of an oxygen-regulated a-subunit (HIF-1a) and a constitutively

expressed b-subunit (HIF-1b). HIF-1a is rapidly degraded under normoxic conditions by the ubiquitin-pro-

teosome system. Hypoxic condition upregulates HIF-1a, thereby allowing it to accumulate in high levels

and dimerize with HIF-1b. HIF-mediated adaptive responses to hypoxia induce coordinated erythropoiesis

through upregulation of EPO synthesis in liver and kidney, activation of EPO receptor, and downregulation

of hepcidin, an erythropoiesis inhibitory molecule secreted from liver (Locatelli et al., 2017). Our spectro-

scopic studies further enlighten this mechanism; the results indicate successful incorporation of nano-ESA
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into the protoporphyrin ring of hemoglobin, in the physiological milieu. The nano-ESA-substituted hemo-

globin (in a regulated manner) is locked in the deoxy conformation similar to low oxygen tension mimicking

the state of local hypoxia, thereby activating the HIF-mediated adaptive response. As a result, EPO synthe-

sis gets upregulated. In addition, nano-ESA may have another route of action, i.e. inhibition of the prolyl

hydroxylase (PHD) enzymes, which regulates the stabilization of the HIF according to the oxygen availability

in physiological milieu. During low oxygen availability, the inhibition of PHD allows the stabilization of HIF

for the cellular adaptation to hypoxia (Nguyen and Duran, 2016). In addition to that the PHD enzyme con-

tains Fe2+ in their catalytic centers. Previous studies showed that many metal ions such as manganese, zinc,

nickel, and cobalt are widely used hypoxia mimic and work by substituting iron in the active center of HIF

PHD to inactivate the enzyme and to stabilize HIF. Furthermore, a more detailed molecular study including

erythrocyte turnover and reticulocytosis could clarify the exact mechanism of action. However, the prophy-

lactic as well as therapeutic efficiency of the nano-ESA is very promising andmay serve as the cornerstone in

translating this study to the clinical trials.

Limitations of the study

One major limitation of this study is the use of chemical-induced model of anemia. Although, widely

accepted, the PHz model could be replaced by more robust knockout animal models, which eventually

could provide more insight into the mechanism. A detailed toxicity study along with information on phar-

macokinetics and pharmacodynamics of the nano-ESAwould pave its way to the clinical trials. Furthermore,

molecular experiments are required to solve the exact mechanism of action of nano-ESA in the light of

expression of HIF-1a in physiological milieu.

Conclusion

In conclusion, our results suggest that the synthesized Mn-citrate nanocomplex possess potential erythro-

poiesis stimulatory (through upregulation of EPO) as well as anti-inflammatory properties, which in turn

have played significant role in the treatment of anemia of inflammation in experimental animal model.

The mechanism behind such unprecedented therapeutic activity may open a new array of treatment stra-

tegies against numerous diseases associated with oxidative stress, redox imbalance, autoimmune condi-

tion, and hypoxia in near future. In addition, comprehensive molecular study analyzing the genome and

metabolome of Mn-citrate-NC-treated animals may illuminate its ability to interfere in other important

metabolic or pathophysiological pathways. Although found biocompatible in our study, a detailed sub-

chronic toxicity study is important for successful clinical translation of this nanocomplex. Nevertheless,

the nano-complex has the potential to become amedical weapon of rapid recovery in the fight against ane-

mia of inflammation.
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Materials availability
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3e Hamster anti-Mouse, FITC,

Clone: 145-2C11, BD

BD Biosciences Cat. No: BDB561827

CD4 Rat anti-Mouse, PE-Cy7,

Clone: RM4-5, BD

BD Biosciences Cat. No: BDB561099

CD8a Rat anti-Mouse, APC-H7,

Clone: 53-6.7, BD

BD Biosciences Cat. No: BDB560247

CD18 Rat anti-Mouse, PE, Clone: C71/16, BD BD Biosciences Cat. No: BDB553293

CD45 Rat anti-Mouse, PerCP-Cy5.5,

Clone: 30-F11, BD

BD Biosciences Cat. No: BDB561869

CD19 Rat anti-Mouse, APC, Clone: 1D3, BD BD Biosciences Cat. No: BDB561738

Chemicals, peptides, and recombinant proteins

Phenylhydrazine Sigma-Aldrich P26252; CAS: 100-63-0

Manganese chloride tetrahydrate Sigma-Aldrich 63535; CAS: 13446-34-9

Citric acid monohydrate Sigma-Aldrich C7129; CAS: 5949-29-1

20,70-dichlorofluorescein diacetate Sigma-Aldrich D6883; CAS: 4091-99-0

Hematoporphyrin Sigma-Aldrich H5518; CAS: 14459-29-1

Critical commercial assays

Mouse EPO Elisa Kit Elabscience Cat. No:E-EL-M3058

SOD Assay Kit Sigma-Aldrich Product No: 19160; SKU: 19160-1KT-F

Catalase Assay Kit Sigma-Aldrich Product No: CAT100; SKU: CAT100-1KT

Glutathione Peroxidase Assay Kit Sigma-Aldrich Product No: MAK437; SKU: MAK437-1KT

Experimental models: Organisms/strains

C57BL/6J Mouse Saha Enterprise, India NA

Software and algorithms

Prism-GraphPad GraphPad Software https://www.graphpad.com/

scientific-software/prism/

SigmaPlot SYSTAT https://systatsoftware.com/sigmaplot/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rodent model

All animal studies and experimental procedures were performed at Central Animal Facility, Dept. of

Zoology, Uluberia College, India (Reg. No.: 2057/GO/ReRcBi/S/19/CPCSEA) following the protocol

approved by the Institutional Animal Ethics Committee (IAEC) as per standard guideline of Committee

for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Fisheries, An-

imal Husbandry and Dairying, Govt. of India. Nonanemic C57BL/6J mice of both sexes (age: 2–3 weeks,

body weight, BW: 22 G 2.45 g) were used in the current study. Animals were housed under specific-path-

ogen-free (SPF) conditions (maximum 5 mice per polypropylene cage; temp: 25 G 2.0�C; �55%–60%

relative humidity) under a 12-h light and 12-h dark cycle with access to food (standard chow for mice,

Saha Enterprise, India) and water ad libitum. Autoclaved nest material and paper houses served as cage

enrichment for mice. Before the experiment all the animals kept 10 days for acclimatization. Animal cages

were always randomly assigned to treatment or control groups.

METHOD DETAILS

Materials

Manganese chloride tetrahydrate, Citric acid monohydrate, Sodium hydroxide, Phenylhydrazine,

20,70-dichlorofluorescein diacetate (DCFH-DA), Hematoporphyrin were purchased from Sigma-Aldrich (St

Louis, MO, USA). All other chemicals were acquired from Sigma Aldrich (St Louis, MO, USA) unless other-

wise stated. Whenever required milli pore water was used.

Synthesis of Mn-citrate NC

1.98 gm of manganese chloride (MnCl2) salt (1M) and 2.10 gm of citric acid monohydrate (1M) was dissolved

in 10 mL Milli. Q water. Then the mixture was heated at 45�C water bath for 15 min under continuous stir-

ring. After that, aqueous solution of sodium hydroxide (NaOH; 4M) was added to the heated solution. The

pH of the new mixture should be 7. Then this mixture was heated at 65�C water bath for 15 min under

continuous stirring. Next, the solution was kept in a water bath at 60�C without any stirring until it turned

to light brown color. The supernatant is discarded and the precipitate was washed three times with ethanol.

Remaining ethanol was evaporated and the dry crystalline sample of Manganese-citrate nano-complex is

obtained. The dry sample was dispersed in water for further studies (Patent Reference Number:

202131034977) related to Mn-citrate NC.

Characterization techniques

Images of HRTEM and transmission electronmicroscope (TEM) were obtained using a FEI TecnaiTF-20 field

emission HRTEM operating at 200 kV. For the preparation of TEM sample, the nanocomplex solution was

drop-casted on a 300-mesh amorphous carbon-coated copper grid and kept overnight at ambient temper-

ature. The X-ray diffraction (XRD) patterns of the samples were obtained using a Panalytical XPERT PRO

diffractometer equipped with Cu Ka radiation (at 40 mA and 40 kV) by using a scanning rate of 0.021 S�1

in the 2q range from 201 to 801. Using Shimadzu UV-Vis 2600 spectrometer absorbance spectra of Mn-

citrate NCs were measured. Fluorescence excitation and emission spectra of the prepared nanoparticle

was accessed using Fluorolog, Model LFI-3751 (Horiba-JobinYvon, Edison, NJ) spectrofluorimeter. We fol-

lowed the methodologies for picosecond resolved spectroscopic analysis reported in our previous studies.

Study design

The purpose of this study was to assess the potential of orally-administrable manganese citrate nano-com-

plex (Mn-citrate NC) as a prophylactic as well as a therapeutic agent for rapid recovery from anemia of

inflammation and anemia in general. We performed detailed physicochemical characterization of Mn-cit-

rate NC by TEM, HRTEM, XRD, Photoluminescence spectroscopy etc. To define in vivo effects of Mn-citrate

NC, we selected C57BL/6J mice as our preclinical animal model.

The in vivo study was conducted in two phases. In the first phase, the prophylactic role of Mn-Citrate NC

against development and progression of anemia was evaluated along with antioxidant enzyme activity and

inflammatory cytokines level. And hemoglobin level and RBCs count was monitored in time dependent

manner. In the second phase, the therapeutic potential of Mn-citrate NC in treatment of anemia was

assessed.
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Phase 1

Mice were randomly divided into five groups (N = 10/group). Animals of Group 1 served as control and

received normal saline (150 mL; oral). Animals of Group 2 served as diseased model and received single

dose (intraperitoneal injection) of PHz; 60 mg kg�1 BW at day 0. Animals of Group 3 received single

dose (i.p.inection) of PHz; 60 mg kg�1 BW and single oral dose of Mn-citrate NC (0.25 mg kg�1 BW) at

day 0. Animals of Group 4 served as NC control and received single oral dose of Mn-citrate NC

(0.25 mg kg�1 BW) at day 0. And animals of Group 5 received single oral dose of citrate (0.15 mg kg�1

BW) at day 0. All doses were finalized based on reported literature and pilot experimentation.

Phase 2

Animals were randomly divided into five groups (N = 10/group). Animals of Group 1 served as control and

received normal saline (150 mL; oral). Animals of Group 2 served as diseased model and received single

dose (intraperitoneal injection) of PHz; 60 mg kg-1 BW at day 0. Animals of Group 3 received single

dose (intraperitoneal injection) of PHz; 60 mg kg�1 BW at day 0. Animals of Group 4 served as NC control

and received single oral dose of Mn-citrate NC (0.25 mg kg�1 BW) at day 4. And animals of Group 5

received single dose (intraperitoneal injection) of PHz; 60 mg kg�1 BW at day 0. After development of

severe anemia on day 4, Group 2 animals left untreated, Group 3 animals received single oral dose of

Mn-citrate NC (0.25 mg kg�1 BW), animals of Group 5 received single oral dose of citrate (0.15 mg kg�1

BW). All doses were finalized based on reported literature and pilot experimentation.

Dosing description

Phenylhydrazine was administrated intraperitoneally and the Mn-citrate NC (nano-ESA) was administrated

orally in this study. In case of PHz, we have used disposable syringe for intraperitoneal injection. And we

have used gavage needles for orally administration of Mn-citrate NC. In case of phase 1 study, we have

administrated PHz (intraperotoneally) and nano-ESA (orally) one after another. And in phase 2 study, we

have administrated nano-ESA (orally) after 4 days of PHz administration (intraperotoneally).

Induction of anemia

We used well known phenylhydrazine (PHz) intoxication model with slight modifications (Spivak et al., 1973;

Goldberg and Stern, 1977; Itano et al., 1975; Naughton et al., 1990). It causes severe hemolysis i.e.

abnormal breakdown of RBCs rapidly and also induces inflammation and oxidative stress, in turn, stimu-

lates a pathophysiological condition of anemia of inflammation (Naughton et al., 1990).

Measurement of hemoglobin concentration

Small amount of blood samples (20 ul) were collected from tail vein of each mouse for each time point at

regular intervals. And then the concentration of hemoglobin in blood was estimated using commercially

available test kits (HEMOCOR-D, Tulip Diagonosticspvt. Ltd, Uttarakhand, India) following the protocols

suggested by the corresponding manufacturers.

Blood collection

At the end of the experimental period, the animals were euthanized and decapitated after being fasted.

Blood was collected from retro orbital plexus just before sacrifice, kept in sterile non-heparinized tubes

for further analysis.

Assessment of hematological parameters

For hematological studies, the blood was collected in heparinized tubes. Blood-cell count was done using

blood smears in Sysmax-K1000 Cell Counter. Parameters studied were hemoglobin, total red blood cells,

hematocrit, packed cell volume (PCV), mean corpuscular volume (MCV), mean corpuscular hemoglobin

(MCH), mean corpuscular hemoglobin concentration (MCHC), platelets, total white blood cells etc.

Blood film preparation and staining

A small drop of blood was placed on the pre-cleaned, labeled slide, near its frosted end. Another slide was

brought at a 30–45� angle up to the drop, allowing the drop to spread along the contact line of the 2 slides.

Quickly push the upper (spreader) slide toward the unfrosted end of the lower slide. Then the blood film

was rapidly air dried. Now, the film was covered with Leishman’s Stain and allowed to act for 2 min.
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Methanol in the stain fixed the preparation. After that double volume of distilled water was added to the

slide and mixed well. The diluted stain was allowed to act for 10–15 min. Finally, the film was washed with

phosphate buffer of pH 7.0, drained and well dried in air for examination under the microscope (Dewinter

Classic of Milano, Italy) equipped with a CCD based camera.

Evaluation of osmotic resistance of RBCs

The osmotic resistance of red blood cells was evaluated according to the method described early by Re-

dondo et al. The method consists to induce the lysis of red blood cell in hypotonic solution. For this study,

the procedure used is as follow: a range of saline solution from 0% to 0.9% is prepared and 50 mL of blood

were mixed with each saline solution. The mixture is shaking slightly and incubated for 60 min. After the

incubation, the mixture is centrifuged at 1085 rpm for 10 min. The supernatant is collected and the absor-

bance is determined at 540 nm with spectrophotometer (Double Beam Spectrophotometer UH5300,

HITACHI). The percentage of haemolysis is determined by the ratio absorbance test/absorbance full hae-

molysis. It is suggested that the full haemolysis is occurred in the distilled water. Haemolysis curve is gener-

ated in function of sodium chloride concentration.

Histopathological examination

At the end of the experimental period, the animals were sacrificed and spleens were collected for histo-

pathological examination. For microscopic evaluation, a conventional technique of paraffin wax sectioning

and differential staining was used (Adhikari et al., 2018). Tissues are fixed with neutral formalin 10%,

embedded in paraffin, and then manually sectioned with a microtome to obtain 4-5 mm-thick paraffin sec-

tions. Microtome was used to prepare ultrathin sections (4–5 mm), followed by staining with hematoxylin

and eosin (H and E) and silver stain. Histopathological changes were examined under the microscope

(Dewinter Classic of Milano, Italy) equipped with a CCD based camera. We also prepared touch prepara-

tion of spleen on a glass slide. After sectioning of the freshly collected spleen, the tissue was carefully

touched with sterilized blotting paper to soak the blood on the surface. Then glass slides were gently

touched on the cut surface of the tissue to get imprint smear on the slide. Imprint smears were immediately

fixed in 95% alcohol and stained with Leishman’s Stain and Perls’ Prussian blue stain (Tribe, 1973).

Cell preparation and flow cytometry analysis

At the end of the experimental period, the animals were sacrificed and spleens were collected and har-

vested aseptically. Next, the tissue was gently smashed between two microscopic glass slides and filtered

through cell strainers to prepare single cell suspension. After lysis of RBCs, suspension was washed with

sterilized PBS. And this washing step was repeated for 3 times. Finally, the cell concentration of the suspen-

sion was adjusted to a concentration of 1.0 3 107/mL for flow cytometry analysis. Now, the prepared cell

suspension was incubated with required volume of each of the fluorescently labeled antibodies for

30 min at 4�C to detect lymphocyte subgroups. Before analysis, solution is washed three times with PBS.

The stained cells were then analyzed by flow cytometry immediately (FC500, Beckman, USA). Fluorescently

labeled antibodies included FITC-conjugated anti-CD3e, PE-Cy7 conjugated anti-CD4, APC-H7 conju-

gated anti-CD8a, PE conjugated anti-CD18, PerCP-Cy 5.5 conjugated CD45, and APC conjugated anti-

CD19 (BD Biosciences, USA).

RBC hemolysate preparation

The collected blood was then centrifuged at 3000 g for 10min at 4�C. The supernatant plasma was removed

and packed red blood cells (RBCs) were resuspended in PBS (0.1 M, pH 7.4). The cell suspension was then

washed thrice and the supernatant aspirated. For hemolysate preparation, 1 part of fresh packed RBCs was

added with 9 part of ice-cold distilled water and shaken gently. Prepared RBC hemolysate was used for

biochemical analysis (Kamisah et al., 2014).

Assessment of lipid peroxidation and antioxidant enzyme activity

The RBC hemolysates were used to determine the activity of SOD, CAT and GPx as well as the content of

MDA. SOD, CAT and GPx activities were estimated using commercially available test kits (Sigma-Aldrich,

MO, USA) following the protocols described by the manufacturer. To assess the extent of lipid peroxida-

tion, the level of malonyldialdehyde (MDA), a substance that reacts with thiobarbituric acid, was deter-

mined in the RBC hemolysates according to the method of Grattagliano et al. (2005). These parameters

were measured on day 4 of phase 1 study.
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Serum isolation

After collection of blood, kept in sterile non-heparinized tubes in slanting position at 45� angle for 45 min

and centrifuged at 35003g for 20 min. The clear serum (straw color) was obtained and used in subsequent

biochemical analysis.

Measurement of erythropoietin and inflammatory cytokines level

All serum samples were sterile, hemolysis-free and were stored at �20�C before determination of the

biochemical parameters. The concentration of EPO in serum was determined using commercially available

test kits (Mouse EPO ELISA Kit, Elabscience, USA) following the protocols described by the corresponding

manufacturers. And inflammatory cytokines (TNF-a, IFN-g, IL-6, IL-1b, and IL-10) were measured according

to the respective protocol provided by kit manufacturers. These parameters were measured on different

time points throughout the study.

Evaluation of interaction of Mn-citrate NC with the porphyrin rings of hematoporphyrin

To study the incorporation of Mn-citrate NC within the porphyrin rings, steady state fluorescence spectra-

were recorded with JobinYvon Fluorologfluorimeter, using an excitation wavelength of 409 nm. Time-

resolved fluorescence transients were recorded using LifeSpec-ps, Edinburgh Instruments, UK equipped

with a micro channel plate photomultiplier tube. The excitation wavelength for all the experiments was

kept at 410 nm. A 1mM stock solution of hematoporphyrin was prepared and the incorporation of the

NC was studied by subsequent addition of the Mn-Citrate NC to thehematoporphyrin solution, followed

by overnight stirring.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative data are expressed as Mean G SD unless otherwise stated. One-way ANOVA followed by

correction of false discovery rate (post hoc FDR: two stage step up method of Benjamini, Krieger and Ye-

kutieli) for multiple comparisons was performed for comparison between multiple groups (Benjamini et al.,

2006). Beforehand, the normality of each parameter was checked by normal quantile–quantile plots. Sam-

ple size in our animal studies were determined following the standard sample sizes previously been used in

similar experiments as per relevant literature. Designated sample size (in figure legends) always refers to

biological replicates (independent animals). GraphPad Prism v8.0 (GraphPad Software), and Sigmaplot

v14.0 (Systat Software, Inc.) were used for statistical analysis. For all comparisons, a p value < 0.05 was

considered to be statistically significant.
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