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Introduction:-

Nicotinamide (NICO), an amide derivative of nicotinic acid, used in
high doses for four decades, has shown antimicrobial and potential anti-
malarial activity in vitro. However, its antiplasmodial effects in drug-
resistant in vivo models were previously unexplored.Our study explored
the antimalarial impact of Nicotinamide (NICO) in chloroquine-
resistant malaria mouse models. We administered NICO at doses from
1.82 mg/kg to 4.55 mg/kg body weight, beginning 72 hours post-
infection and continuing until 7th day. On the 8th day, all animals were
euthanized, and blood and organs were collected for experiments.When
administered alone, NICO reduced parasitemia by 88%, which further
reduced to 95.27% when combined with chloroquine (65 mg/kg body
weight). Plasmodium-specific 18S rRNA analysis via RT-PCR in liver
confirmed reduced parasitemia with Nicotinamide aloneand in
combination with chloroquine. Liver pathology scores significantly
improved with the high NICO dose (4.55 mg/kg body weight, p=0.012)
and its combination with chloroquine (65 mg/kg body weight,
p<0.0001) compared to untreated chloroquine-resistant mice.
Intracellular Reactive Oxidative Species (ROS) levels in liver
lymphocytes and serum Nitric Oxide (NO) levels were notably reduced
with combination therapy (p<0.001, p<0.0001, respectively). Our study
demonstrates NICO's antimalarial potential alone and its synergistic
effect with chloroquine, offering promise against chloroquine-resistant
malaria.

Copyright, IJAR, 2024,. All rights reserved.

Nicotinamide, an active form of Vitamin B3, serves as a precursor for NAD* and NADP" synthesis (Braidy N et
al., 2019). It has been used for treating conditions like pellagra, osteoarthritis, and inflammation (Jonas et al.,
1996;Braidy N et al., 2019). Additionally, nicotinamide exhibits antimicrobial activity against various pathogens,
including Mycobacterium tuberculosis, HIV (Murray et al., 2003), Plasmodium falciparum, and Leishmaniain
vitro (Sereno et al., 2005). Its inhibitory effects extend to sirtuindeacetylases, particularly SIRT1, which regulates
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diverse biological processes, and SIR2 in P. falciparum, known for its histone deacetylase and ADP
ribosyltransferase activities (Tcherniuk et al., 2017).

The emergence and widespread prevalence of multidrug resistance in Plasmodium infection pose significant
obstacles to effectively controlling the disease through chemotherapy. The scientific community has put forward
two strategies to address this issue.

Firstly, there is the pursuit of new chemotherapeutic agents, as proposed by Olliaro& Wirth in 1996 focusing on
creating drugs with novel mechanisms of action to combat resistance. Secondly, there is the concept of reversing
chloroquine resistance using compounds with lower intrinsic antimalarial activity, as suggested by Martin et al. in
1987. Given that chloroquine was historically one of the most successful antimalarial drugs, the idea is to augment
its effectiveness with adjuncts or modulators, potentially rendering it useful again in regions where it is currently
ineffective due to resistance.

Nicotinamide inhibits Plasmodium growth alone and in combination with drugs like chloroquine, artemether, and
pyrimethamine (Tcherniuk et al., 2017), particularly targeting Plasmodium falciparum during the ring stage in an in
vitro model. In this study, we investigated Nicotinamide's antimalarial potential and its synergy with chloroquine
against chloroquine-resistant malaria using a mouse model. Our results demonstrate that the combination therapy of
Nicotinamide and chloroquine exhibits lethal activity against chloroquine-resistant  Plasmodium
bergheiwithAmodiaquine and Rifampicinserving as reference treatments to validate the efficacy of the combination
therapy. This research underscores Nicotinamide's promise in combination therapies for combating drug-resistant
malaria, particularly in targeting specific Plasmodium life cycle stages.

Materials and Methods:-

Chemicals-

Chloroquinediphosphate (CQ), Rifampicin (Rif), and Amodiaquine (A) were procured from TCI (Tokyo Chemical
Industry, Tokyo, Japan), while Nicotinamide (NICO) was obtained from MP Biomedicals (Santa Ana, California).
All drugs and chemicals utilized in the study were of analytical grade and sourced from authorized suppliers.

Drug preparation-

All the drugs were extrapolated for in vivo studies in mice as recommended for human usage and prepared fresh
corresponding to the weight of the mice every day. The study used Chloroquine (CQ) at 65 mg/kg body weight,
three Nicotinamide (NICO) doses (1.82 mg/kg, 3.64 mg/kg, 4.55 mg/kg body weight),Rifampicin (Rif) (15 mg/kg
body weight) and Amodiaquine (A) (10mg/kg body weight) (A+Rif as positive control) (Badejo et al., 2014)and
Normal saline (NS; negative control). These were freshly prepared and given orally daily for four days, commencing
72 hours post-infection (pi), until the 7th day.

Mice-

Balb/c and Swiss mice, both male and female, aged 6-8 weeks, weighing 22-25g were procured from the Central
Animal Facility at the Postgraduate Institute of Medical Education and Research. They were housed under standard
laboratory conditions: controlled temperature (25°C + 0°C), 12-hour light/dark cycles, and free access to food and
water. The study adhered to ethical guidelines outlined in the Animal Ethics Procedures and CPCSEA Guidelines
and was approved by the Institutional Animal Ethics Committee (Reference No. 90/91/IAEC/631).

Parasite strains-

Chloroquine-resistant (CQR) and Chloroquine-sensitive (CQS) Plasmodium berghei (Pb) NKG65 strains were
sourced from the National Institute of Malaria Research (NIMR), New Delhi. Balb/c mice were used for
experiments, while Swiss Albino mice were employed for maintaining the malaria strains through weekly serial
passages. Infection was induced by intraperitoneal (ip) injection of 1x10° parasitized RBCs (pRBCs) (Manhas P et
al., 2023). Parasitemia percentage (PP) was calculated by Giemsa-stained thin blood smear counting, following the
formula by Kabiru et al. (2013).

PP = (Total no. of pRBCs/Total no. of RBCs) X 100

Animal grouping-

A total of 38 Balb/c mice were used to validate the murine model for CQR and CQS P. bergheiNK®65 strains (see
Supplemental Fig. S1).
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Determination of the most effective dose of Nicotinamide-
To determine the most effective test drug dose for reducing parasitemia, 48 mice were divided into four groups (as
shown in Fig. 1). These mice were infected with 1X10°pRBCs carrying either the CQR or CQS P. berghei strain.
After 72 hours pi, NICO, CQ, and NS were administered to different subgroups. Parasitemia was assessed at various
time points, and the dose with the greatest reduction in parasitemia was selected for further combinational therapy
studies with CQ in the murine malaria model.

s Nicotinamide
Infected ip with CQR Infected ip with CQS Infected ip with CQR
P. berghei NK65 P. berghei NK65 P. berghei NK65
G m R with G IV (Vehicle
n24 | Groupl(CQR) ae12| Growpm(ces) | w8 TP Cgio & mml)p o
7hpi | T2hpi | 7hpi | T2hpi |
08 | Lowdose Nicotinamide | ;4 | Lowdose Nicotinamide Chloroquine Saline buffer
(182 mg/kg) (1.82 mg/kg) (65 mg/kg)
Medium dose Medium dose
n=8 Nicotinamide (3.64 n=4 Nicotinamide (3.64
mg/kg) mg/kg)
n=8 | High dose Nicotinamide | n=4 | High dose Nicotinamide
(455 mg/kg) (455 mg/ks)
{ J

!

Parasitemia was determined till 8* day and on the 8 day, the surviving animals were sacrificed and vital
organs and blood was collected for histopathology and other experiments

Fig. 1:- Flow chart of the allocation of mice infected with PbDNKG65 and treated with three different doses of
Nicotinamide for selection of dose of nicotinamide for combination therapy with chloroquine.

Combination therapy of Nicotinamide and Chloroquine-
A total of 52 mice were utilized for combination therapy, categorized into three groups: the vehicle group, which
received NS (n=8); drug control group, consisting of CQRPbNK®5 treated with A+Rif (n=8), CQRPbNK®5 treated
with CQ (n=8), and CQSPbNK®5 treated with CQ (n=8); test drug group consisting of 8 mice in CQRPbNK®65
treated with CQ and 4 mice in CQSPbNK®G5 treated with CQ and 8 mice in CQRPbNKG®65 treated with CQ for
survival study (Fig. 2).
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Parasitemia was determined till 8" day and on the 8" day, the surviving animals were sacrificed and
vital organs and bleod were collected for histopathology and other experiments

Fig. 2:- Flow chart of the allocation of mice infected with PbDNK65 and treated with combination of Chloroquine
and Nicotinamide.

Determination of percentage growth inhibition-
The test drug combination group, comprising CQRPbNK®65 treated with CQ+NICO (n=8), CQSPbNK®65 with
CQ+NICO (n=4), and CQRPbNKG®5 treated with CQ+NICO for a 60-day survival study (n=8) (Fig. 2).

The percentage growth inhibition was determined on the 8th day by the following formula to estimate the curative
effect of the administered drugs (Adetutuet al., 2016):

Decrease in Parasitemia (%) = {(APC — APT)/APC} X 100

Where APC= Average percentage parasitemia in the control group; APT= Average percentage parasitemia in the
test group.

Monitoring mean survival time for the curative study-
The mean survival time (MST) for eachgroup was determined by recording the days from parasite inoculation to
each mouse's death in the curative group over 60 days. MST was calculated using the formula (Birru et al., 2017):

MST = (Total Survival Time of All Mice in a Group) / (Total Number of Mice in the Group)

Blood and tissue collection-

At the experiment's end, surviving animals were euthanized under anesthesia (ketamine 80 mg/kg, xylazine 20
mg/kg body weight). Blood was collected via cardiac punctureand perfusion was done with normal saline. Vital
organs (liver, spleen, brain, kidney, lungs) were harvested, washed in sterile PBS, and preserved in 10% buffered
formalin for histological analysis. Part of the liver was stored in normal saline for mononuclear cell (MNC) isolation
by flow cytometry, and another portion was kept in RNA later at -80°C for mRNA study.
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Blood samples were allowed to clot for 30-60 minutes at room temperature and then centrifuged at 35009 for 10
minutes at 4°C to obtain serum. The serum was stored at -20°C. For liver and kidney function assessment, 150-200
pl of serum was set aside. An additional 200 ul of serum was preserved for Nitric oxide (NO) level measurement.
Serum samples were pooled when the collected blood volume was insufficient.

Quantitative RT (gRT)-PCR for Plasmodium-specific 18S ribosomal RNA (rRNA) expression study-

RNA isolation and cDNA synthesis-

The drugs impact was assessed by quantifying the parasite load in the liver through Plasmodiumspecific18S rRNA
RT-PCR. Liver tissue (50-100 mg) was stored in RNA stabilizing agent (Qiagen, Germany) after animal sacrifice
for RNA extraction using the modified TRIzol method (Husse et al., 2019).

Next, 1 ug of isolated RNA was converted into cDNA using the RevertAidTM First strand cDNA synthesis kit
(ThermoScientificTM, Lithuania) and specific primers (see Supplemental Table S1, adapted from Gongalves et al.,
2007, and Saita et al., 2014). The synthesized cDNA samples were stored at -20°C until RT-PCR analysis.

RT-PCR-
The protocol used cycling parameters detailed in Supplemental Table S2 to amplify the 18S rRNAgene, with
samples run in duplicate. Target gene quantification relied on determining the Ct (Threshold value).

For relative quantitation of target gene expression, the comparative Ct method (AACt) was employed. The RT-PCR
software calculated Ct values for the target gene, endogenous controls, and the reference sample. HPRT, the
reference gene, was used as a normalizer in this analysis.

Histopathological Assessment

Histology studies were conducted at the Department of Biotechnology & Experimental Medicine, PGIMER,
Chandigarh. On the 8th day, vital organs (liver, spleen, brain, kidney, lungs) were aseptically collected from the
experimental groups.

Tissues were fixed in 10% neutral buffered formalin, processed routinely, and stained with Hematoxylin& Eosin to
assess organ pathology, as per Basir et al.'s 2012 method. Microphotographs of relevant sections were taken with a
light microscope at 20X and 40X (EVOS, Life Technologies, USA). Malaria-specific pathological features in
different organs were graded on a scale from absent/negative (0) to severe/abundant/marked (4) (Sinha et al., 2022).

Biochemical parameters-

The assessment of hepatic and renal function involved determining the serum levels of various markers, including
Alkaline Phosphatase (ALP), Serum Glutamate Oxaloacetate Transaminase (SGOT), Serum Glutamate Pyruvate
Transaminase (SGPT), bilirubin concentration, as well as urea and creatinine levels (Shittu et al., 2020). This was
accomplished using an automated Analyzer (SIEMENS ADVIA® Chemistry 1200, USA).

Determination of Reactive Oxidative Species (ROS)-

ROS production was studied in lymphocytes (mononuclear cells) from the livers of mice in various groups,
sacrificed on the 8th day post-infection. The procedure involved mixing 250 pl of the cell suspension with 3 pl of
DCFH-DA dye (Cayman, Ann Arbor, Michigan), followed by 20-minute incubation at 37°C. After centrifugation at
1600 rpm for 5 minutes, the supernatant was removed, and the cells were washed twice in 1X PBS to remove excess
dye(Aranda et al., 2013). Finally, the Mean Fluorescence Intensity (MFI) of the cells was measured at 488 nm using
the BD FACS CantoTM Il instrument.

Determination of Reactive Nitrogen Species (RNS)-

Nitrite levels were estimated in the serum using Griess reagentfrom Sigma-Aldrich, USA (1:1 solution of 1%
sulphanilamide in 5% phosphoric acid and 0.1% napthylaminedihydrochloric acid in water). For this, 100 pl of Griess
reagent was mixed with 100pul of the serum sample and incubated at RT for 5 min and Absorbance was determined at
540 nm by micro colorimetric assay (Sinha et al., 2022). The nitrite concentration (expressed in mg/ml) was estimated
with reference graph generated using a standard solution of sodium nitrite.
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Statistical analysis-

GraphPad PRISM (v.7.00) was used for data analysis. The statistical analysis of inter-group differences of various in
vivo parameters was determined by unpaired Student’s t-test. The data were checked for normality. Comparison
between more than two groups was done by one-way analysis of variance (ANOVA) followed by Bonferroni post-
hoc test. Data were expressed as Mean+SD or Mean+SEM and P-value <0.05 was determined as significant.

Results & Discussion:-

The emergence and spread of multidrug resistance in Plasmodium infection remain foremost obstacle and a pending
problem for successful chemotherapeutic control of disease. Thus, the development of drugs capable of reversing
chloroquine resistance or enhancing its antimalarial properties represents a promising step toward controlling
malaria transmission.

Assessment of Mean Parasitemia, Growth Inhibition and Survival Rate-

Nicotinamide, an amide form of Vitamin B3, is obtained by synthesis within the body, through dietary sources, or
supplements (Surjana et al., 2010). In recent years, it has garnered attention for its positive effects in various disease
conditions, although its role in malaria remains underexplored. In this study, we investigated its antimalarial activity
in Chloroquine-resistant malaria, utilizing three different doses ranging from 1.82 mg/kg to 4.55 mg/kg body weight.

Our findings revealed that NICO exhibited the highest antimalarial activity at both low (1.82 mg/kg body weight)
and high (4.55 mg/kg body weight) doses when administered alone. However, it had the least effect at the medium
dose (3.64 mg/kg body weight) in Chloroquine-resistant infected mice, in comparison of untreated mice (Fig. 3a,3b).
The high dose (4.55 mg/kg body weight) resulted in 88% growth inhibition (Fig. 3c) and 100% survival rate (Fig.
3d).These results suggest a hormetic U-shaped dose response, where the effect reverses at higher concentrations.
This phenomenon can be explained by the presence of two types of receptors for vitamins: a small number of high-
affinity receptors activated at low doses and a large number of low-affinity receptors activated at high doses (Hayes
2008, Calabrese et al., 2010).

In chloroquine-sensitive malaria, both the low dose (1.82 mg/kg body weight) and medium dose (3.64 mg/kg body
weight) exhibited similar effects, with increasing drug concentration leading to decreased maximum parasitemia. A
high dose of 4.55 mg/kg body weight significantly reduced parasitemia to around 60% (Fig. 3b). Previous studies
have also shown that higher doses of NICO inhibit the growth of CQSP. falciparumin vitro in a dose-dependent
manner. It also blocks the transition of ring stages to trophozoite and acts by regulating Sir2 (Prusty et al., 2008,
Bielitza et al., 2015).Thus the high dose of Nicotinamide was selected for combination with CQ for combination
therapy.

Combination therapy of Chloroquine and Nicotinamide-

The combination therapy of CQ (65 mg/kg body weight) and HNICO (4.55 mg/kg body weight) significantly
reduced parasitemia to 2.83% in the CQR infected group, compared to CQR with (p=0.0495) and without CQ
treatment (p=<0.0001). This indicates a synergistic effect of the combination therapy. The anti-plasmodial response
was similar to that of the A+Rif combination. In mice infected with CQS parasites and treated with the combination
of CQ and HNICO, parasitemia was almost negligible (Fig. 4a). Consequently, the combination inhibited the
parasite by 95.27%, and all the animals were alive by the 8th day (Fig. 4b, 4c).

In CQS P. falciparum, the combination of CQ and NICO induced a 50% antiparasitic effect at 0.47+0.18mM

(Tcherniuk et al., 2017). This synergistic effect may be attributed to the inhibition of heme polymerization by CQ
and the simultaneous inhibition of Sir2 function by Nicotinamide.
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Fig. 3(a)Comparison of Mean parasitemia (%) in mice infected with CQR and CQS PbNK®5 at day 8. (b)
Evaluation of Mean Parasitemia (%) on day 8 in Mice Infected with PbNKG65 and subjected to different
Nicotinamide dosing regimens. (c) Percentage growth inhibition of parasitemia was evaluated on the 8th d in
infected mice blood on treatment with different doses of Nicotinamide. (d) Kaplan-Meier survival curves for CQR
and CQS PbNKG®65 infected mice treated with different doses of Nicotinamide. CQ- Chloroquine, CQR-
Chloroquine resistant strain; CQS- Chloroquine sensitive strain; CQRCQ- Chloroquine resistant P. bstrain treated
with chloroquine (65mg/kg); CQSCQ- Chloroquine sensitive P. b strain treated with chloroquine (65mg/kg),
LNICO- Low dose (1.82mg/kg); MNICO- medium dose (3.64mg/kg); HNICO- High dose (4.55mg/kg). Data are
expressed as Mean+SD or Mean+SEM. Significant difference represented by asterisk ***= p<0.001(CQR vs
CQRCQ), ###= p<0.001(CQS vs CQSCQ).
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chloroquine with high dose of Nicotinamide. (c) Kaplan-Meier survival curves for mice infected with PbNK65 and
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Rifampicin (15 mg/kg); VC- Vehicle group (NS).Data are expressed as Mean+SD or Mean+SEMand significant
difference represented by asterisk ***= p<0.001, **=p<0.01, *=p <0.05.

Survival study-

Mean parasitemia (%) in mice infected with the CQR P.b CQ+NICO initially increased until the 5th day.
Afterwards, it decreased until the 8th day, and then increased again until the 10th day before decreasing once more.
By the 33rd day, 5 mice had succumbed to the infection, but 3 mice achieved 0% parasitemia by the 45th day,
showing no recurrence until the 60th day. The Mean Survival Time for this group of animals was 35+21.38 days
(Fig. 5).
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Expression & Quantification of Parasitemia in the liver by Real time PCR-

As malaria progresses, the parasite hides in organs after evading the spleen's defenses. To assess the impact of
antimalarial drugs on these hidden parasites, we use Real-Time PCR in the murine liver. This method helps
determine the efficacy of drugs with potential antimalarial properties. In our study, we used Plasmodium-specific
18S ribosomal RNA (rRNA) expression to measure plasmodial RNA in mice infected with both CQR and CQS Pb
NK®65 strains. Treating the mice with different Nicotinamide doses (LNICO, MNICO, HNICO) significantly
reduced 18S rRNA expression (p<0.0001) in both CQR and CQS groups (Fig. 6a). Furthermore, combining HNICO
with CQ led to a further reduction in 18S RNA expression (p<0.001) in both groups (Fig. 6b), suggesting a potential
synergistic effect of the combination therapy.
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Fig. 6:-Relative fold change expression of 18S rRNA in liver of mice infected P. bergheiNK65 and treated with (a)
different doses of Nicotinamide (b) combination of Chloroquine and Nicotinamide. CQ- Chloroquine; CQR-
Chloroquine resistant strain; CQS- Chloroquine sensitive strain; LNICO- Low dose (1.82mg/kg); MNICO- Medium
dose (3.64mg/kg); HNICO- High dose(1.82mg/kg); VC-Vehicle group (NS); CQ+NICO- combination of
Chloroquine (65 mg/kg) and Nicotinamide (4.55 mg/kg); A+Rif- combination of Amodaquine (10 mg/kg) and
Rifampicin (15 mg/kg). Results were analyzed using one way ANOVA followed by Bonferroni multiple comparison
test. Error bars represented as standard error and significant difference represented by asterisk ***= p<0.001,
**=p<0.01, *=p <0.05.
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The potential explanation for the enhanced combined effect of these drugs lies in the way they mutually influence
each other's metabolism. Nicotinamide is fully absorbed and undergoes metabolism in the liver, primarily by various
cytochrome 450 enzymes. Notably, it inhibits enzymes like CYP2D6, CYP3A4, and CYP2E1 (Gaudineau and
Auclair 2004) and is converted into NAD". Importantly, chloroquine is metabolized by CYP3A4 (Rendic et al.,
2020) and is also a substrate for this enzyme. Consequently, they can interfere with each other's metabolism,
potentially affecting their efficacy.

Histomorphological changes in the vital organs and correlation with biochemical parameters

Malaria can have various clinical presentations, ranging from asymptomatic to severe illness, with associated
pathological changes. In the liver, LNICO (1.82 mg/kg body weight) and HNICO (4.88 mg/kg body weight)
treatments significantly reduced pathology scores compared to untreated groups infected with the CQR strain
(p=0.0023 and p=0.012, respectively). In the CQS group, chloroquine treatment also reduced damage significantly
(p=0.0004) (Fig. 7a). Notably, when combining CQ (65 mg/kg) with HNICO (4.88 mg/kg), pathology scores
decreased even further (p<0.0001), resulting in minimal to mild effects compared to severe changes in the untreated
group (Fig. 8a).

Treatment with different doses of Nicotinamide resulted in minimal to mild pigment deposition in the liver,
contrasting with abundant pigment observed in the untreated group. However, when CQ+NICO combination
therapy was administered, there was an absence of pigment (Fig. 9a).

Malaria infection can lead to multi-organ failure, with malarial hepatopathy being a well-known condition. This
hepatopathy is associated with the activation of Kupffer cells, which phagocytose malarial pigment or infected red
blood cells (Chua et al., 2021). Jaundice resulting from malaria can lead to histopathological changes, including
damaged hepatocytes, liver cell congestion, inflammatory infiltrates, cholestasis, hemozoin deposition (Wu et al.,
2021; Kochar et al., 2003), and Kupffer cell hyperplasia in malaria patients (Viriyavejakul et al., 2014).
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Fig. 7:- Malaria pathology score in various organs of mice infected with P. bergheiNK65 and treated with different
doses of Nicotinamide (a)liver (b)spleen (c)brain (d)kidney (e)lungs. CQ- Chloroquine; CQR- Chloroquine resistant
strain; CQS- Chloroquine sensitive strain; LNICO- Low dose (1.82mg/kg); MNICO — Medium dose (3.64mg/kg);
HNICO- High dose (4.55mg/kg); VC-Vehicle group (NS).Results were analysed using one way ANOVA followed
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by Bonferroni multiple comparison test. Error bars represent standard error and significant difference represented
by asterisk ***= p<0.001, **=p<0.01, *=p<0.05.
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Fig 8:- Malaria pathology score in various organs of mice infected with P. bergheiNK65 and treated with
combination of CQ and Nicotinamide (a)liver (b)spleen (c)brain (d)kidney (e)lungs. CQ- Chloroquine; CQR-
Chloroquine resistant strain; CQS- Chloroquine sensitive strain; LNICO- Low dose (1.82mg/kg); MNICO- Medium
dose (3.64mg/kg); HNICO- High dose (4.55mg/kg); VC-Vehicle group (NS); CQ+NICO- combination of
Chloroquine (65 mg/kg) and Nicotinamide (4.55 mg/kg); A+Rif- combination of Amodaquine (10 mg/kg) and
Rifampicin (15 mg/kg).Results were analyzed using one way ANOVA followed by Bonferroni multiple comparison
test. Error bars represent standard error (SEM). Significant difference represented by asterisk ***= p< 0.001,
**=p<0.01, *=p<0.05.

In brain, there was a significant change in the histology on treatment with low dose of Nicotinamide (1.82 mg/kg
body weight) (Fig. 7c), but in combination study the Chloroquine was combined with high dose of Nicotinamide
that reduced the pathology significantly as compare to the untreated group, both in CQR infected (p=0.0075) and
CQS infected group (<0.0001) (Fig. 8c).

In other organs, like spleen, kidney and lungs; although the histological effects were reduced in treated groups alone
(Fig. 7b, 7d, 7e respectively) and in combination with NICO in both CQR and CQS infected mice but the
differences were not statistically significant (Fig. 8b, 8d, 8e respectively). The representative images of various
organs showing malaria pigment (Fig. 9).

812



ISSN: 2320-5407

Int. J. Adv. Res. 12(11), 802-820

Fig. 9:- Representative images illustrating the histological impacts of rodent malaria across various organs (a)liver,
(b)spleen, (c)brain, (d)kidney, (e)lungs.

Effect of drugs on Liver and Kidney Function tests-
Malaria-induced liver damage often elevates liver function enzymes (ALT, AST, bilirubin) significantly, surpassing
three times the normal values. This is linked to hepatic oxidative stress (Tirkey et al., 2005; Hafiz et al., 2016). In
our study, different Nicotinamide doses (LNICO-1.82 mg/kg, MNICO-3.64 mg/kg, HNICO-4.55 mg/kg body
weight) had varied effects: LNICO normalized liver and kidney function enzymes, MNICO increased them, and
HNICO showed minimal change (Table 1a). Combining CQ (65 mg/kg body weight) with HNICO (4.55 mg/kg
body weight) normalized enzyme levels (Table 1b). Studies in mice infected with PONK65 have revealed that
malaria-induced liver dysfunction raises enzyme levels and induces oxidative stress due to hemozoin deposition,
along with the production of pro-inflammatory and anti-inflammatory cytokines (Taramelli et al., 2000; Schwarzer

et al., 2015; Gomes et al., 2022).

Table 1:- LFT & RFT levels in serum of Plasmodium berghei infected mice treated with (a) different doses of

Nicotinamide (b) combination of Chloroquine and Nicotinamide.

a
Animal group | Urea (mg/dl) gg’;‘;‘lg"”e SGOT (AST) SGPT (ALT) | ALP (U/L) (Br:;gf;'”
VC 40+4.2 0.14+42 | 338.5+19.3 32.0446.7 150.35 0
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0.34+0.05

1328+85.3

433.67+44.8

COR 56.66:27.61 | (o o e 103.66+16.2 | 0.16
CQRCQ 42+7.2 0.31+0. 11 | 498.66+12 (15’)2'31 . 145353 | 0.1
CQRLNICO | 49.33+9.07 0454021 | 249-14+102.99 (1;9;.)74¢4o.so 8467435 |0
CQSLNICO | 40+2.8 0.15+0 233.62+25.2 57.335:5.32 1464848 | 0
CORMNICO | 955+13.43 (()égsmo.oe 1605.9+313.79 (5) ?{%5112'29 22154636 | 0
COSMNICO | 62672548 | 0.12+0.09 | 664.36+469.12 (156)6'221104'61 168+28.16 | 0.03+0.03
CQRHNICO | 42.33+4.04 ?5'()571“0'31 717.74388.6 (1;2'21209'43 16164523 | 0
CQSHNICO (15)61“89'77 0.15+0.07 %43)72'721“458'03 52)2'6916'4 238+6.55 0.14+0.03

CQR- Chloroquine resistant, CQS- Chloroquine sensitive, LNICO- Low dose of Nicotinamide (1.82mg/kg body
weight); MNICO-medium dose of Nicotinamide (3.64mg/kg body weight); HNICO- High dose of Nicotinamide
(4.55mg/kg body weight); VC- Vehicle control (NS);Data are presented as Mean+SD. Blue color- fold change from
3-10 times in bracket; yellow color- fold change >10 times.

2nimal group Urea Creatinine | SGOT (AST) SGPT ALP (U/L) Bilirubin
(mg/dL) (mg/dl) (ALT) (mg/dl)
VvC 52.8+3.9 0.18+0.014 | 157.34+56.99 52.5+10.5 210.8+0.013 | 0.06+0.03
CQRCQ 70.88+17.4 0.35+0.16 5378.381191.5 96.63+27.4 474.63+x114.4 | 0.06+0.013
CQSCQ 36.83+4.7 0.07+0.03 ;())6.51107.6 70+76.4 210.83+50.4 | 0.07+0.04
CQRA+RIf 39.67+7.68 0.2+0.06 306.67+68.3 63+£27.2 222.5+#55.07 | 0.06+0.017
CQRCQ+NICO 45.44+10.5 | 0.19+0.08 288.57+169.6 49422.6 188+72.2 0.06+0.04
CQSCQ+NICO 42.33+10.4 | 0.17+0.05 249+33.77 45.33+19.65 | 202.33+33.08 | 0.04+0.04

CQ- Chloroquine, CQR- Chloroquine resistant, CQS- Chloroquine sensitive, NICO- Nicotinamide; LNICO- Low
dose (1.82 mg/kg body weight); MNICO-medium dose (3.64 mg/kg body weight); HNICO- High dose (4.55 mg/kg
body weight); CQ+NICO- Combination of CQ (65 mg/kg body weight) with Nicotinamide (4.55mg/kg body
weight); A+Rif- Combination of Amodiaquine (10 mg/kg) + Rifampicin (15 mg/kg), VC- Vehicle control (NS);
Data are presented as Mean£SD. Blue color- fold change from 3-10 times in bracket; yellow color- fold change >10
times.

Estimation of the ROS in liver-

Ongoing research is focused on understanding the complex interplay between ROS, the immune response, and the
malaria parasite. Researchers are exploring how ROS production by both host cells and parasites influences the
course of infection, disease severity, and potential therapeutictargets. ROS production is not limited to RBCs.
Immune cells, such as neutrophils and macrophages, also produce ROS as part of their response to infection. These
ROS can contribute to the control and elimination of malaria parasites. Malaria infection can alter the peripheral
blood lymphocyte profile, with the extent and type of variation depending on the host's immune system (Antwi-
Baffour et al., 2018; Matsumoto et al., 2000). Studies suggest that intracellular reactive oxygen species (ROS)
produced by T cells play a role in T cell, activation-induced apoptosis (Peng et al., 2021). Mature RBCs possess
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antioxidant properties, promoting T cell survival and expansion by reducing oxidative stress in activated T cells and
inhibiting T cell apoptosis, especially in the absence of monocytes (Fonseca et al., 2001; Garner et al., 2021).
Therefore, the level of lymphocyte ROS can indirectly indicate the presence of RBCs with antioxidant properties,
signifying malarial infection in the system. Furthermore, malaria treatment drugs like chloroquine and artemisinin
can act as sources of oxidation, generating free radicals (Pandey et al., 2001;Vasquez et al., 2021). Thus, ROS
production by lymphocytes during malaria and its treatment is influenced by various factors.

Being the inaugural exploration of its kind, this study signifies a pioneering initiative directed towards unraveling
the intricate dynamics of ROS production in T lymphocytes within the malaria-infected liver. The mean fluorescent
intensity levels of ROS in lymphocytes were found after adjusting the gating for lymphocytes (see Supplemental
material, Fig. S2). MFI was found to be the lowest with the LNICO (1.82 mg/kg body weight) (~1000) and peaked
at the MNICO (3.64 mg/kg body weight) (~11000). Notably, these levels were significantly lower (p<0.01) in
comparison to both CQR and CQS infected mice, as illustrated in Fig.10a. These findings align with the biochemical
parameters and histological observations in the liver across all three Nicotinamide dose groups.

The levels of hemozoin in the NICO-treated groups corresponded closely with the ROS levels, indicating that
lymphocytes were activated due to hemozoin-induced liver injury in both CQR and CQS infected groups. It's worth
noting that the higher ROS levels observed with MNICO, even exceeding those in the CQR untreated control group,
could be attributed to the accumulation of Nicotinamide, potentially due to receptor saturation or the presence of its
major metabolite, 2PY (N-methyl-2-pyridone-5-carboxamide), known as a uremic toxin (Lenglet et al., 2016),
which tends to accumulate in tissues, including blood (Rutkowski et al., 2008), and may contribute to tissue injury.

The ROS levels then decreased to around 5000, possibly due to the lower affinity of a larger number of receptors, as
previously described, with the high dose of Nicotinamide (4.55 mg/kg body weight). It's important to note that while
Nicotinamide is generally regarded as an antioxidant, at high doses, it may carry mild or infrequent toxic potential
(Knip et al., 2000; Hwang et al., 2020). Moreover, it may not solely suppress ROS generation, and it could even
enhance the response of CD8" T cells in infection-induced pathology, as demonstrated by Choi et al. in 2015.

Combining CQ (65 mg/kg body weight) with HNICO (4.55 mg/kg body weight) significantly lowered ROS levels
compared to untreated CQR (p<0.001) and CQS (p<0.01) groups, as seen in Fig. 10b. This is likely due to the
combined effect of CQ's heme-binding property, enhanced by NICO, and Nicotinamide-induced T cell activation,
resulting in reduced oxidative stress. The representative fluorescence images of ROS in liver lymphocytes are
provided for different Nicotinamide doses (Supplemental Fig. S3.1) and the CQ-NICO combination therapy
(Supplemental Fig. S3.2). These findings align with the reduced liver pathology and the restoration of normal liver
and renal function test (LFT & RFT) levels following CQ+NICO therapy in both CQR and CQS infected animals.

Delta (A) Mean Florescence Intensity of
Intracellular ROS (435/656 nm)
Delta (A) Mean Florescence Intensity of
Intracellular ROS (435/656 nm)

Animal Groups Animal Groups

Fig. 10:-Delta (A) Mean Florescence Intensity of Intracellular ROS (435/656 nm) in mice liver infected with PONK
65 and treated with a) different doses of Nicotinamide (b) combination of CQ+NICO. CQR- chloroquine resistant
strain; CQS- Chloroquine sensitive; CQ- Chloroquine treated; LNICO- Low dose(1.82 mg/kg); MNICO- Medium
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dose (3.64 mg/kg); HNICO- High dose (4.55 mg/kg), CQ+NICO- combination of Chloroquine (65 mg/kg) and
Nicotinamide (4.55 mg/kg); A+Rif- combination of Amodiaquine (10mg/kg) and Rifampicin (15 mg/kg); VC-
Vehicle group (NS).Results were analysed using one way ANOVA followed by Bonferroni multiple comparison
test. Error bars represent standard deviation (SD). Significant difference represented by asterisk ***= p< 0.001,
**=p<0.01, *=p<0.05.

Estimation of RNS in serum-

In the context of oxidative stress in malaria, a critical element to consider is the presence of the free radical species,
Nitric oxide (NO) (Pabdn et al., 2003; Vasquez et al., 2021). Malaria infection triggers a cytokine cascade, resulting
in the release of nitrogen and oxygen radicals with potential antiplasmodial properties. NO is generated by a group
of enzymes called NO synthases (NOS), which convert L-arginine into L-citrulline. The role of NO in malaria
infection is still a subject of debate in scientific literature. Some studies suggest that cerebral malaria may be linked
to low NO bioavailability (Gramaglia et al., 2006; Bangirana et al, 2018), while others propose that increased NO
levels lead to parasite death (Favre et al., 1997; Dzodzomenyo et al., 2018).Moreover, NO's effects can be seen as
either beneficial (Perkins et al., 1999; Chiwakata et al., 2000) or harmful (Weiss et al., 1998), with the
overproduction of NO possibly having pathogenic effects (Gomes et al., 2022).

In the present study, NO levels decreased with all Nicotinamide doses- LNICO (1.82 mg/kg body weight), MNICO
(3.64 mg/kg body weight), and HNICO (4.55 mg/kg body weight). Notably, in the CQR infected group, a significant
decrease was observed with MNICO (3.64 mg/kg body weight), reducing NO levels to 4.1 pg/ml compared to 12.16
ug/ml in untreated mice (p=0.0497). In the CQS infected group, NO levels significantly increased with MNICO
(3.64 mg/kg body weight, p<0.001) compared to the untreated group and CQS HNICO (4.55 mg/kg) and CQSCQ
(65 mg/kg body weight) (p<0.0001) (Fig. 11a). These findings align with previous studies showing increased NO
production during malaria infection (Kremsner et al., 1996; Gomes et al., 2022).

There was a significant decrease in NO levels with the combination of CQ+NICO (p<0.0001), reducing NO levels
to 6.26 pg/ml compared to the untreated CQR-infected group. However, in the CQS-infected group, NO levels
decreased non-significantly (Fig. 11b). In the context of CQ+NICO combination therapy, a significant difference
was observed compared to the untreated group but not significantly less than the CQ-treated group, reinforcing the
idea that NO production depends on disease severity and immunity against malaria, which is influenced by the
antimalarial properties of the drug. Nicotinamide, known for its antioxidant properties (Zingarelli et al., 1996), is
recognized for inhibiting INOS synthase activity or reducing NO production. This experiment suggests the potential
pathogenic role of NO, similar to the effects of NOS inhibitors. While the drugs reduced parasitemia, further
investigations are needed to definitively confirm the role of NO in pathology and mortality in this study.
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Fig. 11:-Nitric Oxide production in serum of mice infected with PONKG65 and treated with a) different doses of
Nicotinamide b) combination of Chloroquine and Nicotinamide. CQR- chloroquine resistant; CQS-
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Chloroquinesensitive; CQ- Chloroquine treated; LNICO- Low dose(1.82 mg/kg body weight); MNICO- Medium
dose (3.64 mg/kg body weight); HNICO- High dose (4.55 mg/kg body weight), CQ+NICO- combination of
Chloroquine (65 mg/kg body weight) and Nicotinamide (4.55 mg/kg body weight); A+Rif- combination of

Amodiaquine (10mg/kg body weight) and Rifampicin (15 mg/kg body weight); VC- Vehicle group (NS).Results

were analyzed using one way ANOVA followed by Bonferroni multiple comparison test. Error bars represent
standard deviation. Significant difference represented by asterisk ***= p< 0.001, **=p<0.01, *=p<0.05.

Conclusion:-

Our findings provide compelling evidence that Nicotinamide holds potential as more than just a vitamin supplement;
it can also serve as a valuable anti-malarial agent or an enhancer of anti-plasmodial activity, particularly when used
in combination with chloroquine to combat chloroquine-resistant malaria. The observed synergistic effect between
Nicotinamide and chloroquine is particularly promising. This suggests that Nicotinamide not only possesses intrinsic
anti-malarial properties but also enhances the efficacy of chloroquine, even in the context of resistant strains of
malaria. This finding has significant implications for the treatment of malaria, especially in regions where
chloroquine resistance is a prevalent issue.

While our study provides valuable insights, several limitations warrant consideration. First, we did not employ
specialized staining or molecular techniques to distinguish between live and dead parasites. Second, the blood films
were prepared just before euthanizing the animals, making it challenging to determine parasite viability.
Furthermore, we recommend future research to explore a wider range of Nicotinamide (NICO) and Chloroquine
(CQ) combinations for a more comprehensive understanding of dose-response relationships. A pharmacokinetic
study with various time points could further enhance dosing schedule optimization and drug interaction insights.
Additionally, expanding ROS and RNS analysis to vital organs like the spleen and brain is essential, given the multi-
organ impact of malaria.
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