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Abstract
Human immunodeficiency virus (HIV) mainly attacks lymphocytes of the human immune system. The untreated infection 
leads to acquired immune deficiency syndrome (AIDS). Ritonavir (RTV) belongs to protease inhibitors (PIs), the crucial con-
tributors of the combination therapy used in the treatment of HIV that is called highly active antiretroviral therapy (HAART). 
Formulations targeting the lymphatic system (LS) play a key role in delivering and maintaining therapeutic drug concen-
trations in HIV reservoirs. In our previous study, we developed RTV-loaded nanostructured lipid carriers (NLCs), which 
contain the natural antioxidant alpha-tocopherol (AT). In the current study, the cytotoxicity of the formulation was studied 
in HepG2, MEK293, and H9C2 cell lines. The formulation efficacy to reach the LS was evaluated through a cycloheximide-
injected chylomicron flow blockade model in Wistar rats. Biodistribution and toxicity studies were conducted in rodents 
to understand drug distribution patterns in various organs and to establish the safety profile of the optimized formulation 
(RTV-NLCs). From the MTT assay, it was found that the cell viability of the formulation is comparable with the pure drug 
(RTV-API). More than 2.5-folds difference in AUC was observed in animals treated with RTV-NLCs with and without 
cycloheximide injection. Biodistribution studies revealed higher drug exposure in the lymphoidal organs with the RTV-
NLCs. No significant increase in serum biomarkers for hepatotoxicity was observed in rats dosed with the RTV-NLCs. The 
current study reveals the lymphatic uptake of the RTV-NLCs and their safety in rodents. As the tissue distribution of RTV-
NLCs is high, hence re-adjusting the RTV-NLCs dose to get the response equivalent to RTV-API may be more beneficial 
with respect to its safety and efficacy.

Keywords Ritonavir · Lymphatic targeting · HIV · Nanostructured lipid carriers · Hepatotoxicity · Tissue distribution

Introduction

PIs are crucial in treating human immunodeficiency virus 
(HIV) and are one of the key components of the highly active 
antiretroviral therapy (HAART) used in managing acquired 
immune deficiency syndrome (AIDS) [1, 2]. Ritonavir 
(RTV) is an antiretroviral drug and belongs to the class of 
protease inhibitors (PIs) [3]. It belongs to BCS class II with 
low solubility and high permeability [3–5]. RTV is known 
to have low oral bioavailability and severe side effects when 
administered for a longer time. The bioavailability of RTV 
in preclinical subjects varies from 7 to 30%, depending upon 
the species. However, absolute bioavailability is not known 
[6]. The major side effects of RTV include hepatotoxicity 
and cardiovascular dysfunction [7, 8]. RTV-induced hepa-
totoxicity mainly depends on the dose and duration of the 
administration [9–11]. The risk associated with the full dose 
(saquinavir and RTV 400 mg twice daily or RTV 600 mg 
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twice daily) is independent of chronic hepatitis B or C co-
infection [12].

First-pass metabolism is one of the major problems for 
many drugs with low oral bioavailability. Most of the drugs 
administered orally enter to the systemic blood circulation 
through the portal vein. However, some high lipophilic drugs 
enter systemic circulation by avoiding first-pass metabolism 
facilitating transport through the intestinal LS [13]. The lym-
phatic route is not only involved in the absorption of lipids; 
however, it can also be used as an option to deliver the drugs 
to treat various diseases, such as HIV and cancers, which can 
enter the lymphatic system (LS) [14].

The LS acts as one of the major reservoirs of HIV. Viral 
replication is much higher in lymph nodes than in peripheral 
blood mononuclear cells [15, 16]. It is difficult to maintain 
therapeutic concentrations to suppress the viral loads in its 
reservoirs, such as lymphoidal organs using conventional 
dosage forms [16, 17]. Even though conventional treatment 
can reduce viral load in plasma, after a few weeks of the 
treatment, it is still possible to isolate the virus from lymph 
nodes [16]. Hence, targeting and delivering anti-HIV drugs 
into the LS is of utmost importance to suppress and regulate 
viral loads.

Drug delivery systems targeting lymphatics are one 
of the emerging approaches for delivering various drugs, 
proteins, peptides, and vaccines [18]. Novel drug delivery 
carriers such as lipid-based nanoformulations are one of 
the best approaches for the transportation of drugs into 
the intestinal LS [16]. Lipid-based formulations have 
become one of the most promising approaches in com-
mercial and academics in developing drug carriers to 
overcome the bioavailability issues of especially hydro-
phobic drugs [19]. Nanostructured lipid carriers (NLCs) 
and solid lipid nanoparticles (SLNs) are commonly used 
lipid-based nanoformulations that consist of unique char-
acteristics and make them the ideal choice for targeting 
the LS [14]. Lymphatic delivery of therapeutic agents 
helps to avoid the hepatic exposure, and it is advanta-
geous in enhancing the oral bioavailability of drugs 
that exhibits poor oral bioavailability, because of their 
first-pass metabolism. In addition, drug-induced toxicity 
can be reduced as the dose is minimized with increased 
bioavailability [16]. Formulations intended to target the 
intestinal lymphatics can avoid drug transport to portal 
circulation and can be directed into systemic circulation 
through the thoracic duct [13].

SLNs and NLCs are the most commonly used lipid-
based nanoformulations to deliver the lipophilic drugs. 
SLNs consist of a solid core of a lipid matrix in which the 
drug is entrapped. NLCs are considered the next-generation 
SLNs, where the drug is encapsulated inside the matrix 
formed by combining solid lipids and liquid lipids. NLCs 
offer higher drug entrapment than SLNs and less drug 

leaching effect. Controlled release, protection from enzy-
matic degradation, non-toxicity because of biocompatibil-
ity, and ease of scale up are some additional advantages of 
NLCs [20]. In the recent past, many researchers developed 
SLNs and NLCs for targeting the LS for various drugs such 
as mebendazole [18], praziquantel [18], nintedanib esylate 
[21], and atazanavir [22].

Several researchers developed various formulations to 
improve the oral bioavailability of RTV, such as NLCs 
[22, 23], SLNs [5, 24], and proliposomes [25]. In our 
previous study, we developed antioxidant-containing rito-
navir-loaded NLCs and achieved a sevenfold higher AUC 
and > 10-folds higher  Cmax [26]. In the present study, we 
assessed the potentiality of the formulation to absorb 
into the intestinal LS by passing the hepatic first-pass 
metabolism. Furthermore, to understand the distribution 
pattern of the formulation, tissue biodistribution studies 
were conducted in rodents. Finally, the safety profile of 
the formulation was established in rodents by conducting 
a repeat dose toxicity study.

Materials and methods

Chemicals and reagents

The RTV-API used in the formulation preparation was the 
generous gift of Dr. Reddy’s Laboratories (Hyderabad, 
India). The solid lipids (glyceryl monostearate, GMS and 
stearic acid, SA) used in the preparation of NLCs were 
procured from Finar Ltd., Ahmedabad, India, and Fine 
Organics, Mumbai, India. The liquid lipids (oleic acid and 
alpha-tocopherol, AT) used in the preparation of NLCs 
were purchased from Sigma-Aldrich, Bangalore, India. 
Lopinavir-API was used as the internal standard (IS) in the 
bioanalysis of in vivo samples, and it was obtained as a gift 
sample from Cipla Ltd., Mumbai, India. The surfactants/
stabilizers (Tween 20 and sodium lauryl sulfate (SLS)) were 
procured from Loba Chemie Pvt. Ltd. and Merck, Mumbai, 
India. The organic solvent (methanol) used in preparing 
HPLC mobile phase was obtained from SD Fine Chemicals, 
Mumbai. Cycloheximide was procured from Sisco Research 
Laboratories Pvt. Ltd., Mumbai. The ortho-phosphoric acid 
(OPA) used in the preparation of the mobile phase was pro-
cured from Spectrochem Private Limited, Mumbai. Regents 
for biochemical parameters analysis were purchased from 
Agappe Diagnostics, Mumbai. The type-I water used in 
the formulation and HPLC mobile phase preparation was 
collected from Elix-Millipore Advantage (Millipore Cor-
poration, Billerica, MA, United States). All the cell lines 
used for the cytotoxicity studies were procured from NCCS, 
Pune, India.
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Animals

All animal studies were conducted in Wistar rats (male and 
female, with an approximate weight of 200–250 g). All the 
animals used for the in vivo studies were inbred at the Cen-
tral Animal Research Facility (CARF), MAHE, Manipal. All 
in vivo studies were carried out at CARF following CPC-
SEA norms and institutional guidelines with prior approval 
from the Institutional Animal Ethical Committee (approval 
No. IAEC/KMC/51/2018 and IAEC/KMC/72/2021).

Bioanalytical method for the quantification 
of RTV in in vivo samples

The protein precipitation (PPT) method was followed. RTV 
was extracted from Wistar rat plasma/tissue homogen-
ate, as reported earlier [26]. Briefly, 50 μL of plasma/100 
μL of tissue homogenate was transferred to a pre-labeled 
tube, and 20/40 μL of IS (Lopinavir, 200  μg/mL) was 
added, respectively and vortexed to mix. Precipitation solu-
tion (150/300 μL of ice-cold methanol, respectively) was 
added to all the samples, vortexed, and centrifuged (3K30, 
Sigma Laborzentrifugen GmbH, Germany) at a speed of 
15,000 rpm for a duration of 10 min at a temperature of 4 °C. 
Finally, the supernatant of the samples was transferred to 
pre-labeled fresh autosampler vials and injected to the HPLC 
(LC2010CHT, Shimadzu Corporation, Kyoto, Japan). The 
chromatographic method developed previously was used 
to quantify RTV in plasma and tissue homogenate samples 
[26]. Briefly, the stationary phase consists of a Kromacil 
C18 (250 × 4.6 mm, 5 μm) column and a combination of 
aqueous (type-I water, pH 3.0) and organic (methanol) 
solvents in a ratio of 15:85, % v/v was used as the mobile 

hot-emulsion—ultra-sonication method, as reported previ-
ously [26]. In brief, solid lipids were melted using a water 
bath, to which liquid lipids were added. The drug (50 mg) 
was added to the molten mixture of lipids and mixed. To 
this mixture, the surfactant solution (SLS and Tween 20, 
kept on a water bath maintaining the same temperature as 
that of molten lipid) was added to form the emulsion. The 
solution was sonicated using a probe sonicator and chilled 
on an ice bath.

Cell viability studies using MTT reagent

Cytotoxicity studies were performed in three different cell 
lines, i.e., human embryonic kidney cells (HEK293), human 
liver cancer cells (HepG2), and cardiomyocytes (H9C2). 
Cells were cultured in 96 well plates (5000/well) using 
DMEM containing FBS (10%) and 1% anti-streptomycin 
and anti-penicillin. Cytotoxicity studies were performed for 
RTV-API, blank NLCs, and RTV-NLCs, and the concentra-
tion of the drug was maintained at 100 μM (stock solutions 
were prepared in DMSO, and the final dilutions were made 
in DMEM). The study was done in triplicate, and incuba-
tion conditions of 37 °C and 5% carbon dioxide  (CO2) sup-
ply were maintained for 24 h. Control group cells were not 
given any treatment. For the DMSO control group, cells 
were treated with DMSO (less than 1%). Post-incubation 
of 24 h, each well was washed with PBS after decanting the 
supernatant. Followed by MTT reagent, it was added to each 
well under dark conditions and incubated for another 4 h. 
Post-incubation, the solution was decanted from all the wells 
and sterile DMSO was added, followed by vigorous shaking 
to ensure solubilization of the formazan crystals. Finally, 
the absorbance was recorded using a microplate reader at a 
wavelength of 570 nm.

Evaluation of lymphatic uptake of the formulation

Male Wistar rats were used for the lymphatic uptake evalu-
ation study where animals were divided into two groups, 
with six rats in each group. Group I rats were dosed orally 
with RTV-NLCs (50 mg/kg), whereas group II animals 
were given intraperitoneal injection of cycloheximide 
(3 mg/kg) [18], and post-1 h, cycloheximide injection ani-
mals were dosed orally with RTV-NLCs (50 mg/kg) (ani-
mals were fasted over night before dosing). At different 
time points, the blood was withdrawn through retro-orbital 
plexus technique and collected into pre-labeled tubes 
containing an anti-coagulant (potassium EDTA). Plasma 

Percent cell inhibition =

(

Absorbace of control − abosrbance of test

Absorbance of control

)

× 100

phase. The stationary phase (column) was maintained at a 
temperature of 25 °C during the analysis. The mobile phase 
was pumped at a flow rate of 1.200 mL/min. The total run 
time of the method was 12 min, and detector wavelength 
was set to 242 nm.

Preparation of antioxidant‑containing 
ritonavir‑loaded NLCs

RTV-NLCs were prepared using stearic acid, glyceryl 
monostearate (GMS), alpha-tocopherol (AT), and oleic 
acid as the major excipients. NLCs were prepared by the 
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was separated from all the samples by centrifugation at 
15,000 rpm, 4 °C for 10 min. The RTV concentrations in 
plasma samples were determined using the HPLC bioana-
lytical method. Finally, Pharmacokinetic (PK) parameters 
were calculated using Win-Nonlin software, version 5.2.

Biodistribution studies

Female Wistar rats were for the biodistribution studies. Ani-
mals were divided into three groups; each group was having 
27 rats. Group I animals were treated with single dose of 
RTV-API suspension (50 mg/kg, po). RTV-marketed for-
mulation (MF) suspension (Ritomune, 50 mg/kg, po) was 
dosed to group II animals. Group III animals were treated 
with RTV-NLCs (50 mg/kg, po). Three animals from each 
group were sacrificed at different time points, and organs 
such as the brain, heart, liver, spleen, kidney, stomach, 
intestine, and colon were collected. All the tissues were 
homogenized with normal saline as the diluent. In brief, 
tissues were individually weighed using a weighing bal-
ance, and diluent was added in a ratio of 1:2. Finally, tissues 
were homogenized using a high-speed homogenizer (T 25 
digital Ultra-Turrax®, IKA Dispersers, Germany) at a speed 
of 15,000 rpm. RTV concentration in all tissue homogen-
ate samples was determined using the HPLC bioanalytical 
method. PK parameters were calculated using Win-Nonlin 
software, version 5.2.

Toxicity studies

The toxicity study was conducted in male Wistar rats. 
Animals were divided into four groups, each with six 
rats. Group I animals were treated with vehicle (0.25% 
w/v sodium CMC, po). Group II animals were treated 
with RTV-API suspension (50 mg/kg, po). MF suspension 
(Ritomune, 50 mg/kg, po) was given to group III animals, 
and for group IV animals, RTV-NLCs (50 mg/kg, po) 
was given. All the animals were given treatment daily for 
28 days. The blood was withdrawn from all the animals 
on day 0 before starting the treatment and then on day 28. 
Blood parameters were evaluated using a veterinary cell 
counter (PCE-21OVET, ERMA Inc., Tokyo, Japan). The 
serum was separated and analyzed for biochemical param-
eters using a biochemical auto-analyzer (Mispa Nano, 
Agappe, Switzerland). On day 28, all the animals were 
sacrificed, and major organs (brain, heart, liver, spleen, 
stomach, intestine, colon, and kidney) were collected and 
fixed in 10% formalin for 48 h. Blocking or embedding 
the tissue was done to transfer the tissue from the final 
wax bath to a mold filled with molten paraffin wax. Thin 
sections of tissues of approximately 4 microns were cut 
from the blocks with the help of a microtome. The tissue 

sections were floated in a water bath at 50–52 °C and 
placed on microscopic slides. Hematoxylin and eosin 
staining of sections was performed, followed by histo-
pathological examination.

Statistical analysis

All the results are expressed as mean ± SD, n ≥ 3. GraphPad 
Prism (version 5.03, San Diego, California, USA) was used 
for all the statistical calculations. One-way ANOVA with 
Dunnett’s post hoc test/Bonferroni post hoc test was used 
for the statistical analysis, and P < 0.05 was considered sta-
tistically significant.

Results

Preparation of antioxidant‑containing 
ritonavir‑loaded NLCs

RTV-loaded NLCs were prepared following the procedure 
mentioned in our previous work [26], where the final excipi-
ents include stearic acid (50 mg), GMS (174.12 mg), AT 
(18 μL), oleic acid (24 μL), SLS (0.25%), and Tween 20 
(0.93%). All the parameters of the formulation were found 
to be within the range of validation data (i.e., particle size, 
PDI, zeta potential, and entrapment efficiency were found 
to be 362.1 ± 27.57 nm, 0.431 ± 0.05, − 56.40 ± 10.43 mV, 
and 46.40 ± 4.00%) [26].

MTT assay

In vitro cytotoxicity assays on HEPG2 cells revealed the 
percent cell viability of RTV-NLCs was similar to the per-
cent cell viability of RTV-API suspension. However, cell 
viability was significantly lower in both the treatments than 
control-treated cells. A similar kind of percent cell viability 
pattern was observed in HEK 293 and H9C2 cells, and the 
results are presented in Fig. 1 and it was found that there is 
no significant difference between the percent cell viability 
of RTV-API suspension and RTV-NLCs.

Evaluation of lymphatic uptake of the formulation

The plasma concentration profile of group I and II is shown 
in Fig. 2, and PK parameters of both the groups are given 
in Table 1. The data showed the RTV absorption more than 
2.5-folds higher in group I (without cycloheximide) animals 
compared to the group II (with cycloheximide). Cyclohex-
imide blocks the lymphatic uptake of drugs; hence, the 
absorption noticed in group II is representing the absorption 
achieved only through the portal vein. In group I, extrava-
gant amount of the drug was absorbed through the lymphatic 
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pathway as there was free access to the NLCs for entry into 
LS, which is evident from the higher  Cmax (maximum con-
centration) and AUC (area under the curve). These results 
are in line with the previous work [20, 27, 28] in this area 
for other drugs such as mebendazole [27], atazanavir [20], 
and darunavir [28]. The elimination rate of constant, mean 
residence time (MRT), and half-life  (t1/2) is almost similar 
in both the groups.

Biodistribution studies

RTV-API suspension, MF, and RTV-NLCs tissue concen-
tration profiles are shown in Fig. 3, and pharmacokinetic 
parameters are presented in Table 2. RTV-NLCs exhibited 
higher drug exposure in the brain, heart, liver, spleen, and 
kidney compared to the other organs. In contrast, lower 
exposure was observed in the stomach, intestine, and 

Fig. 1  In vitro cytotoxic-
ity assay of ritonavir pure 
suspension, blank NLCs, and 
drug-loaded NLCs in HEK293, 
HEPG2, and H9C2 cell lines. 
The percent cell viability of 
drug-loaded NLCs is compara-
ble to the pure drug suspension 
in all the cell lines. The results 
are expressed as mean ± SD, 
n = 4. One-way ANOVA with 
Dunnett’s post hock test was 
used for the statistical analysis. 
P < 0.05 was considered statisti-
cally significant
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colon.  Tmax of RTV-NLCs group was found to be less than 
2 h for most of the tissues (heart, liver, spleen, kidney, 
intestine, and colon), except brain and stomach, which 
showed the highest  Tmax value compared to the RTV-API 
suspension and MF. Animals treated with RTV-NLCs 
showed higher  Cmax and AUC in the heart, liver, spleen, 
and kidney compared to the other groups. In contrast, 
lower  Cmax and AUC values were obtained in the brain, 
stomach, intestine, and colon. Previously, tissue distribu-
tion studies were conducted in female rats (Norvir 50 mg/
kg), and time-dependent exposure of RTV was reported 
in all tissues except the gastrointestinal tract and liver [6]. 

The mean residence time (MRT) of the RTV-NLCs group 
was found to be similar in all the tissue compared to the 
RTV-API and MF groups.

Toxicity studies

Blood parameters of different group of animals for day 0 and 
28 are presented in Fig. 4, whereas the serum biomarkers 
estimation is presented in Figs. 5 and 6. Histopathological 
examination of all the groups was performed for various 
tissues such as brain, heart, lungs, liver, spleen, kidney, 
stomach, intestine, and colon. The microscopical images of 
tissues are presented in Fig. 7.

No significant difference was found in total WBCs, 
RBCs, and hemoglobin between day 0 and day 28 in all 
the groups (Fig. 4). But, platelets decreased significantly 
in groups II and IV from day 0 to 28 (Fig. 4). There was 
no significant difference observed in serum glutamic-
oxaloacetic transaminase (SGOT) levels from day 0 to day 
28 in group I and group II animals. However, group III ani-
mals exhibited a significant increase in SGOT levels from 
day 0 to 28, indicating hepatotoxicity. In the case of group 
IV animals, there was no significant difference in SGOT 
levels was noticed from day 0 to 28. Serum glutamic pyru-
vic transaminase (SGPT) levels increased slightly from day 
0 to 28 in groups III and IV animas. However, the difference 
is not significant in any of the groups. SGOT and SGPT 
data is depicted in Fig. 5.

Fig. 2  Plasma concentration profile of ritonavir in rats after single-
dose oral administration. The results are expressed as mean ± SD, n = 6

Table 1  PK parameters for 
evaluation of lymphatic uptake 
of the RTV-NLCs

*Group I: RTV-NLCs, 50 mg/kg, po
**Cl clearence
a Group II: cycloheximide (3 mg/kg) i.p. followed by RTV-NLCs, 50 mg/kg, po
b AUC  area under the curve
c Cmax maximum concentration
d Tmax time required to reach maximum concentration
e Ke elimination rate of constant
f Vz volume of distribution
g MRT mean residence time

S. No Parameter Group I* Group IIa

1 AUC b (hr*μg/mL) 77.488 ± 2.26 25.66 ± 2.24
2 Cmax

c (μg/mL) 13.625 ± 1.01 5.598 ± 0.8
3 Tmax

d (h) 1.917 ± 1.13 0.333 ± 0.14
4 Half-life (h) 12.296 ± 5.11 14.457 ± 7.47
5 Ke

e (1/h) 0.062 ± 0.02 0.061 ± 0.04
6 Vz

f (mL/kg) 3919.686 ± 537.22 11,664.885 ± 2446.85
7 Cl**(mL/h/kg) 236.222 ± 55.18 671.116 ± 290.83
8 MRTg (h) 18.126 ± 6.91 16.531 ± 7.79

Fig. 3  Tissue concentration profile of ritonavir in rat tissues after 
single-dose oral administration of various formulations. The results 
are expressed as mean ± SD, n = 3

◂
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Furthermore, group IV animals showed a significant 
increase in high-density lipoprotein (HDL) and low-den-
sity lipoprotein (LDL) levels from day 0 to 28. In contrast, 
group III animals exhibited only a significant increase in 
LDL levels. There was no significant difference noticed in 
LDL and HDL levels of other groups between days 0 and 
28. These findings are deviating from a literature which 
reported increased levels of total cholesterol, LDL, triglyc-
erides, total/HDL, and decreased HDL levels after treatment 
with ritonavir. However, the study was conducted in healthy 
volunteers and at a lower dose (100 mg bid) than the usual 
dose (400 mg bid) [29]. HDL, LDL, total protein, and LDH 
results are illustrated in Fig. 6.

No histological changes (Fig. 7) such as inflammation 
or necrosis in brain tissue was observed in any groups 
except a few degenerated neurons in the hippocampal 
region of group IV animals. From the biodistribution 

studies data, it is evident that the concentration of drug is 
increasing in formulation group animals (in brain mainly 
after 12 h) compared to the marketed and standard drug 
group animals. Might be this concentration is responsi-
ble for the degeneration of neurons, but not for necrosis. 
However, this study suggesting for further investigation 
to understand the degeneration of neurons and also sug-
gesting for dose adjustment which will further reduce 
the side effects. In case of lung tissue, group I animals 
showed very few acute and chronic inflammatory cells, 
whereas group II animals showed inflammatory infiltra-
tion in a few areas. However, other two groups, i.e., group 
III and group IV, exhibited expansion of the interstitial 
compartment with acute inflammatory cells like neutro-
phils and chronic inflammatory cells like plasma cells 
and macrophages. Neutrophilic infiltration was observed 
in interstitial space, alveolar space, and blood vessels. 

Table 2  PK of RTV in rat 
tissues after single-dose oral 
administration

*Group I: RTV-API, 50 mg/kg, po
**No detectable concentrations were found
a Group II: MF, 50 mg/kg, po
b Group III: RTV-NLCs, 50 mg/kg, po
c Cmax maximum concentration
d Tmax time required to reach maximum concentration
e AUC  area under the curve
g MRT mean residence time

S. No Organ Group Cmax (μg/g)c Tmax (h)d AUC (hr × μg/g)e MRT (h)f

1 Brain Group  I* 1.411 ± 0.798 3.5 ± 2.784 9.307 ± 4.926 7.082 ± 3.366
2 Group  IIa 1.441 ± 0.536 3 ± 1.732 20.386 ± 1.931 11.729 ± 0.066
3 Group  IIIb 1.289 ± 0.578 12.333 ± 11.504 18.293 ± 9.232 11.093 ± 4.46
4 Heart Group I -** -** -** -**
5 Group II 1.897 ± 0.672 3.333 ± 4.041 7.76 ± 5.626 4.186 ± 2.114
6 Group III 8.063 ± 1.864 1 ± 0.5 36.097 ± 6.072 6.1 ± 0.144
7 Liver Group I 42.601 ± 12.289 8 ± 0 384.319 ± 170.712 8.568 ± 1.713
8 Group II 50.064 ± 0.92 8 ± 0 850.981 ± 84.834 11.354 ± 1.651
9 Group III 96.323 ± 23.989 1.167 ± 0.289 992.268 ± 93.69 8.456 ± 0.249
10 Spleen Group I 9.678 ± 1.291 9.333 ± 2.309 74.747 ± 17.526 9.362 ± 0.856
11 Group II 8.703 ± 1.37 3.5 ± 3.905 79.609 ± 44.622 8.099 ± 4.228
12 Group III 23.142 ± 4.433 0.833 ± 0.289 176.407 ± 9.566 9.088 ± 0.869
13 Kidney Group I 6.836 ± 1.128 8 ± 0 77.529 ± 20.631 9.487 ± 0.987
14 Group II 12.876 ± 3.619 12.667 ± 9.866 176.085 ± 54.59 12.112 ± 2.751
15 Group III 33.883 ± 8.398 1 ± 0 199.704 ± 14.987 8.626 ± 0.267
16 Stomach Group I 1731.741 ± 595.144 1.167 ± 0.577 4589.904 ± 530.265 5.686 ± 0.57
17 Group II 1624.344 ± 340.397 0.833 ± 0.577 6026.182 ± 916.541 7.17 ± 0.606
18 Group III 301.576 ± 76.471 8.333 ± 6.351 2435.787 ± 940.457 7.691 ± 1.46
19 Intestine Group I 863.658 ± 116.144 1.167 ± 0.577 1992.124 ± 421.082 3.566 ± 0.427
20 Group II 142.729 ± 79.197 0.5 ± 0 430.894 ± 98.157 10.055 ± 2.234
21 Group III 64.535 ± 8.346 0.833 ± 0.289 515.897 ± 137.607 9.257 ± 1.043
22 Colon Group I 59.822 ± 13.003 6 ± 0 502.819 ± 27.88 11.088 ± 0.378
23 Group II 128.286 ± 65.64 4 ± 0 702.979 ± 70.546 9.558 ± 1.522
24 Group III 36.02 ± 9.584 1.667 ± 0.289 240.066 ± 25.153 11.898 ± 3.422
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Group IV also showed edematous areas. No histologi-
cal changes like degeneration, inflammation, and necro-
sis were noticed in group I and group II. Group III and 
group IV revealed mild infiltration of chronic inflamma-
tory cells like lymphocytes. Group III also showed hem-
orrhagic areas.

Liver tissue, group I, was normal without any histo-
logical changes. Group II showed infiltration of chronic 
inflammatory cells like lymphocytes around blood ves-
sels, focal necrosis, chronic inflammatory infiltrate, 
and congested blood vessels in some areas. In group IV 

animals, congested blood vessels, dilated sinusoids, and 
inflammatory infiltrate were observed. No histological 
changes were noticed in the spleen of groups 1, II, and 
IV. Reduced white pulp area was perceived in group III 
animals. Few degenerated tubules with swollen cytoplasm 
with sloughing of cells in the lumen of kidney tissue were 
observed in all the groups except the group I.

Additionally, the marketed formulation (i.e., group III) 
showed few dilated tubules in the kidney. No significant 
histological changes were observed in the stomach and 
small intestine of all the treatment groups. Compared 

Fig. 4  Hematological parameters 
(total WBC, RBC, hemoglobin, 
and platelets) in rat blood 
samples after treatment with dif-
ferent formulations. The results 
are expressed as mean ± SD, 
n = 6. One-way ANOVA with the 
Bonferroni post hock test was 
used for the statistical analysis, 
*P < 0.05 was considered statisti-
cally significant

Fig. 5  Biochemical parameters 
(a: SGOT; b: SGPT) in rat serum 
samples after treatment with dif-
ferent formulations. The results 
are expressed as mean ± SD, 
n = 6. One-way ANOVA with 
the Bonferroni post hock test was 
used for the statistical analysis, 
*P < 0.05 was considered statisti-
cally significant
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to the group I, groups III and IV showed infiltration of 
acute and chronic inflammatory cells in the mucosa, sub-
mucosa, and congested blood vessels in the sub-mucosa.

Discussion

In the current study, the in vitro cytotoxicity assay of 
RTV-NLCs reveals the cell viability of the formulation 
was comparable with the RTV-API suspension, and this 
could be possible due to the biocompatibility of the excipi-
ents used in the preparation of the formulation. Bypass-
ing hepatic exposure by RTV is required to reduce the 
drug-induced hepatotoxicity, which is the primary rea-
son behind the limited use of RTV as a protease inhibi-
tor. Moreover, lymph nodes, lymph, and GALT are the 
most important reservoirs of HIV. Mainly, lymph nodes 
are central to the physiology of HIV [30–32]. Delivery of 
antiviral drugs to these reservoirs and maintenance of their 
therapeutic concentrations plays a crucial role in suppress-
ing the viral load. Recently, researchers developed drug 
delivery systems to target HIV reservoirs in LS for drugs 
such as lopinavir [31]. Previously, Gurumukhi and Bari 
developed RTV-loaded NLCs to enhance the bioavailabil-
ity. The researchers evaluated permeation enhancement 

and pharmacokinetics of the formulation [22]. However, 
the ability of the formulation to enter LS was not assessed. 
In our previous study, antioxidant-containing RTV-loaded 
NLCs were developed, and the pharmacokinetic studies 
of optimized formulation revealed the enhanced bioavail-
ability of this drug [26].

Lymphatic targeting of drugs enhances the oral bio-
availability by evading hepatic exposure. Hence, the eval-
uation of the lymphatic transport of these formulations 
is necessary to ensure that the intended delivery system 
is reaching its target. The gastrointestinal tract is richly 
supplied with blood and lymphatic vessels. However, the 
fluid flow rate is much higher in portal blood than lymph 
flow in intestinal lymphatic vessels [18]. Xenobiotics enter 
the LS mainly through any of the three mechanisms, the 
transcellular route associated with chylomicrons, paracel-
lular mechanisms associated with absorption enhancers, 
and M-cells. There are several methods to investigate 
xenobiotic lymphatic uptake, such as cannulation of the 
lymphatic duct. Animal models are the commonly used 
methods for evaluating the lymphatic transport system, 
which usually involves the cannulation of the mesenteric 
lymph duct that provides access to collect the lymph. The 
collection of lymph at various time points and quantify-
ing the drug in the samples provides information on the 

Fig. 6  Biochemical parameters 
(HDL high-density lipoprotein, 
LDL low-density lipoprotein, 
total protein, and LDH lactate 
dehydrogenase) in rat serum 
samples after treatment with dif-
ferent formulations. The results 
are expressed as mean ± SD, 
n = 6. One-way ANOVA with 
the Bonferroni post hock test 
was used for the statistical 
analysis, *P < 0.05 was consid-
ered statistically significant
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Fig. 7  Histopathological examination of various tissue of rats treated with different formulations. Group I: vehicle (0.25% of Na CMC), po; 
group II: RTV-API (50 mg/kg), po; group III: MF (50 mg/kg), po; group IV: RTV-NLCs (50 mg/g), po



127Drug Delivery and Translational Research (2024) 14:116–130 

1 3

extent to which the drug is entering the LS. However, 
cannulation of the mesenteric lymphatic duct by surgical 
method requires high skill to perform survival surgery on 
animals. Alternatively, blockage of chylomicron secretion 
from enterocytes can be used to assess the drug transport 
through LS. Chemical inhibitors such as cycloheximide 
and colchicine are administered to animals before actual 
formulation administration to block lymphatic absorp-
tion. Protein synthesis inhibitors such as cycloheximide, 
colchicine, and non-ionic surfactant Pluronic L-81 inhibit 
chylomicron secretion [33]. In previous studies, research-
ers have used cycloheximide for inhibition of lymphatic 
pathways to evaluate the intestinal lymphatic delivery of 
formulations such as mebendazole-loaded NLCs, praz-
iquantel-loaded SLNs, lipid nanoparticles of darunavir, 
baicalein-phospholipid complex self-micro emulsifying 
drug delivery systems (SMEDDS), and Pueraria flavone-
loaded self-emulsifying drug delivery systems (SEDDS), 
nintedanib esylate loaded in NLCs [18, 21, 27, 28, 34, 35].

In the current study, we used the cycloheximide-injected 
chylomicron flow blockade model to evaluate the lymphatic 
targeting of RTV-NLCs. The absorption of NLCs into the 
LS can be attributed to the long-chain fatty acids (GMS 
and stearic acid) used in the preparation of the formula-
tion. Furthermore, liquid lipids used in the preparation 
of NLCs helped in the formation of the matrix that can 
encapsulate the drug. Lipids consisting of small-chain fatty 
acids (< 12C) tend to absorb into the systemic circulation, 
whereas medium- and long-chain fatty acids get absorbed 
into the LS bypassing the portal circulation [36]. These 
long-chain fatty acids are re-esterified and transported 
through intestinal lymph, which involves the acylation of 
absorbed 2-monoacylglycerol with fatty acids, resulting in 
di- and, finally, triglyceride lipids [19]. Long-chain fatty 
acids are good solvents for lipophilic drugs and transport 
them to the LS by incorporating them into chylomicrons. 
AT is also a good solvent for lipophilic drugs. It enters into 
the LS through passive diffusion by incorporating into chy-
lomicrons and then into the systemic circulation through 
the lymph. The absorption of AT can be increased by the 
co-administration of triglycerides [37].

The biodistribution studies revealed that the AUC of the 
RTV-NLC group in the lymphoidal organ, i.e., the spleen, 
was more than two folds compared to the RTV-API suspen-
sion and MF. This can be attributed to the lymphatic target-
ing of the formulation and limited access to the free RTV to 
the LS in other treatments. A similar biodistribution pattern 
was reported for the antiviral drug atazanavir encapsulated 
in NLCs in the recent past [20]. Furthermore, the  Tmax of 
the RTV-NLCs group in the spleen is lower than the RTV-
API suspension and MF group. These results support the 
possible cause of the rapid absorption of RTV-NLCs into 
the LS as long-chain fatty acids used in the preparation of 

NLCs act as drug transporters [20, 38]. Moreover, lower 
AUC was observed in the intestine, which supports the 
timely absorption of the drug from the intestine into the 
LS. Approximately 15% of higher AUC was observed in 
the liver tissues of RTV-NLCs treatment animals compared 
to the MF. In contrast, more than 7-folds of higher plasma 
concentrations were observed in the formulation group in 
our previous study [26], which further supports bypassing 
the first-pass metabolism and absorption of RTV via the LS.

RTV-induced hepatotoxicity is one of the major adverse 
effects seen in HIV patients. The hepatotoxicity caused by 
RTV is concentration dependent. However, there is no clear 
mechanism identified for the RTV-induced hepatotoxicity. 
The severity of hepatotoxicity is categorized into grades 
by considering the elevated serum concentrations of liver 
enzymes SGOT and SGPT [9]. In general, the classification 
of hepatotoxicity from grades 1 to 4 is based on alteration 
in SGOT or SGPT levels compared to the upper limit of the 
normal reference range [39]. Even though the absorption 
of the drug is much higher in group IV animals than II and 
III, there is still no significant increase in the hepatotoxic 
biomarkers in serum, which supports the lower hepatotoxic 
nature of the formulation. The submicron particle size of 
NLCs and avoidance of first-pass metabolism by absorption 
through the LS could be the reason for the lower hepatotox-
icity of the formulation.

Normal functioning of a cell requires a balance between 
reactive species (ROS, RNS) produced in the cell and anti-
oxidant enzymes that include lactoperoxidase, glutathione 
peroxidoxin, superoxide dismutase (SOD), and catalases, 
and failure of the balance causes oxidative stress. Along 
with antioxidant enzymes, vitamins such as tocopherols 
(vitamin E), ascorbic acid (vitamin C), bilirubin, uric acid, 
and glutathione play a crucial role in maintaining this bal-
ance [40]. Alpha-tocopherol is commonly called as vitamin 
E, which belongs to the family of tocopherols, and it plays 
an important role in maintaining the immune system [41, 
42]. The importance of alpha-tocopherol as an antioxidant 
was studied by researchers in in vivo and in vitro studies 
[43, 44]. Moreover, HIV infection is mainly associated with 
the destruction of the immune system of the body, and it 
also involves in lowering the levels of vitamin E [41, 45, 
46]. This emphasizes vitamin E supplementation in patients 
suffering from HIV infection treated with Ritonavir. Hence, 
alpha-tocopherol was incorporated as a source of an antioxi-
dant in the formulation. Previously, many researchers devel-
oped various formulations for RTV, such as NLCs [22, 23], 
SLNs [5, 24], and proliposomes [25], and mainly focused 
on bioavailability enhancement. However, the safety profile 
of these formulations and efficacy in reducing hepatotoxic-
ity was not established. Recently, oral toxicity and histopa-
thology studies reported anti-HIV drug atazanavir-loaded 
NLCs in rats [20]. But, to our knowledge, the safety profile 
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of RTV-NLCs was not studied, and for the first time, we 
evaluated the safety of RTV-loaded antioxidant-containing 
NLCs in rats. Furthermore, we author also suggest the inves-
tigators working on RTV formulation development to re-
adjust the RTV-NLCs dose to get the response equivalent to 
RTV-API. Even this will further completely reduce the side 
effects of RTV.

Conclusion

The cytotoxicity assays were performed to evaluate the 
toxic effect of the antioxidant-containing RTV-loaded 
NLCs on cell lines before proceeding with the in vivo 
studies. The lymphatic evaluation study was conducted to 
assess the formulation efficacy in entering the LS. Further-
more, biodistribution studies were conducted in Wistar rats 
to understand the distribution of the formulation into the 
various vital organs of the body. Finally, toxicity studies 
were carried out in rodents to establish the safety profile 
of the formulation. The drug-loaded NLCs showed com-
parable toxicity in cell line studies with pure drug. The 
lymphatic evaluation and biodistribution results support the 
uptake of the formulation by the LS. The lower SGPT lev-
els in the RTV-NLCs and higher levels in other treatment 
group evidences the positive effect of the NLCs on the 
drug-induced hepatotoxicity. Furthermore, histopathologi-
cal examination of various tissue also supports the absence 
of severe histological changes such as cell degeneration and 
necrosis. Furthermore, re-adjusting the RTV-NLCs dose to 
get the response equivalent to RTV-API could make this 
formulation better as it be safe and more effective.
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