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Topical naltrexone increases
aquaporin 5 production in the
lacrimal gland and restores tear
production in diabetic rats

David Diaz1, Joseph P. Sassani2, Ian S. Zagon1 and
Patricia J. McLaughlin1*
1Department of Neural and Behavioral Science, Penn State University College of Medicine, Hershey,
PA, United States, 2Department of Ophthalmology, Penn State Health, Hershey, PA, United States

Abstract

Diabetes mellitus is a prevalent disease that is often accompanied by ocular

surface abnormalities including delayed epithelial wound healing and

decreased corneal sensitivity. The impact of diabetes on the lacrimal

functional unit (LFU) and the structures responsible for maintaining tear

homeostasis, is not completely known. It has been shown that the Opioid

Growth Factor Receptor (OGFr), and its ligand, Opioid Growth Factor (OGF), is

dysregulated in the ocular surface of diabetic rats leading to overproduction of

the inhibitory growth peptide OGF. The opioid antagonist naltrexone

hydrochloride (NTX) blocks the OGF-OGFr pathway, and complete blockade

following systemic or topical treatment with NTX restores the rate of re-

epithelialization of corneal epithelial wounds, normalizes corneal sensitivity,

and reverses dry eye in diabetic animal models. These effects occur rapidly and

within days of initiating treatment. The present study was designed to

understand mechanisms related to the fast reversal (<5 days) of dry eye by

NTX in type 1 diabetes (T1D) by investigating dysregulation of the LFU. The

approach involved examination of the morphology of the LFU before and after

NTX treatment. Male and female adult Sprague-Dawley rats were rendered

hyperglycemic with streptozotocin, and after 6 weeks rats were considered to

be a T1D model. Rats received topical NTX twice daily to one eye for 10 days.

During the period of treatment, tear production and corneal sensitivity were

recorded. On day 11, animals were euthanized and orbital tissues including

conjunctiva, eyelids, and lacrimal glands, were removed and processed for

histologic examination including immunohistochemistry. Male and female T1D

rats had significantly decreased tear production and corneal insensitivity,

significantly decreased number and size of lacrimal gland acini, decreased

expression of aquaporin-5 (AQP5) protein and decreased goblet cell size.

Thus, 10 days of NTX treatment restored tear production and corneal

sensitivity to normal values, increased AQP5 expression, and restored the

surface area of goblet cells to normal. NTX had no effect on the number of

lacrimal gland acini or the number of conjunctival goblet cells. In summary,

blockade of the OGF-OGFr pathway with NTX reversed corneal and lacrimal
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gland complications and restored some components of tear homeostasis

confirming the efficacy of topical NTX as a treatment for ocular defects

in diabetes.

KEYWORDS

lacrimal functional unit, lacrimal glands, naltrexone, type 1 diabetes, corneal surface

Impact statement

In this study, our experiments confirmed that type 1 diabetes

results in decreased tear fluid and decreased corneal sensitivity,

with dysregulation in the lacrimal functional unit (i.e., decreases

in lacrimal gland number and aquaporin 5 secretion, and number

of conjunctival goblet cells). Topical NTX application restores

tear production and corneal sensitivity, and increases the amount

of aquaporin-5 expression in lacrimal gland acinar cells, but does

not alter the defective morphology of the lacrimal functional unit

suggesting that the rapid reversal of dry eye is related to corneal

nerve sensitivity.

Introduction

More than 38 million people in the United States are

diagnosed with diabetes and another 38% of the adult

population in 2023 has pre-diabetes [1]. There is an

increased risk for this multifactorial disease in African

Americans, Hispanics, and Pacific Islanders, as well as the

overall aging community [1, 2]. Despite pharmaceutical

control of diabetes, nearly 50% of persons will experience at

least one complication related to tear production [3, 4]. Dry eye

disease (DED) is characterized as an inflammatory disorder of

unknown origin, with a multifactorial etiology, which presents

with persistent low tear tear-film production, increased

frequency of corneal ulcerations, irritated corneal surface,

and altered mucin expression [3–5]. Diabetes is also

accompanied by ocular surface disease including delayed

epithelial wound healing and decreased corneal sensitivity

[6–8]. Previous research in the laboratory has reported that

type 1 diabetic (T1D) rats have elevated serum and corneal

tissue levels of this inhibitory neuropeptide called Opioid

Growth Factor (OGF) [7]. Chemically termed methionine-

enkephalin, OGF also has been shown to be elevated in

humans with diabetes [9, 10]. Our studies have documented

that OGF binds to the nuclear-associated receptor OGFr which

results in reduced cell replication in the corneal surface [11].

Blockade of these effects using the opioid antagonist NTX either

systemically or topically results in reversing many of the

epithelial associated complications of type 1 or type

2 diabetes including decreased corneal surface sensitivity,

delayed corneal wound healing, and dry eye [12–14]. Recent

investigations in our laboratory have reported the dysregulation

of the OGF-OGFr axis corresponds with the onset and severity

of dry eye in both male and female hyperglycemic rats [7, 15].

Twice daily topical administration of NTX for 6 weeks reversed

the dry eye and restored the homeostasis of the corneal surface

in these T1D animals [16].

In order to begin assessing the mechanisms related to NTX-

related reversal of reduced tear production in diabetes, we

investigated the morphology of the lacrimal functional unit

(LFU) in untreated diabetic rats and in diabetic animals treated

withNTX. Tear production results from secretions of the LFU, first

defined in 2007 by International Dry Eye Workshop to include

lacrimal glands, conjunctiva, corneal surface, Meibomian glands,

and eyelids as well as the vasculature and nervous system

connections [17] are explored by McKown et al. [18].

Knowledge about the morphological status of the lacrimal gland

and its function in the secretion of ocular mucins is important in

understanding DED [19, 20]. The different roles of the lacrimal

gland in rodent versus humanDED are still debated [21], but there

is considerable agreement regarding the importance of

inflammation and other aspects of the pathophysiology of the

lacrimal gland to deciphering the causes and treatments of DED

[18, 19]. Information on the LFU status in hyperglycemia and/or

diabetes is sparse but researchers have shown that hyperglycemia

induces dry eye through alterations in the LFU, as well as

autonomic neural pathways, particularly the norepinephrine-

adrenergic receptor–mitochondrial pathway [22]. The specific

role of the OGF-OGFr axis in inducing or perpetuating tear

flow is unknown. Nevertheless, blockade of the OGF-OGFr axis

has an immediate impact on dry eye associated with diabetes, and

as this study demonstrates, topical NTX treatment can reverse

complications such as dry eye is within days. Our hypothesis is that

the morphology of the LFU, specifically conjunctival goblet cells,

and lacrimal gland acini, are dysregulated in size and function in

diabetes and contribute to dry eye and corneal insensitivity.

Moreover, we postulate that treatment with NTX will reverse

histopathologic and immunohistochemical abnormalities induced

in the lacrimal gland in diabetes, which eventuate in dry eye.

Materials and methods

Animals and treatment

The study design was approved by the Penn State College of

Medicine Institutional Animal Use Committee (IACUC) and
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followed regulations stated by the ARVO guideline for Use of

Animals in Ophthalmic and Vision Research.

Male and female rats weighing approximately 150 g and

140 g, respectively, were purchased from Charles River

Laboratories, Wilmington MA and housed in standard animal

facilities receiving 12-12 h light-dark cycle, 14-18 changes of air

hourly, and controlled humidity and temperature. Rats were

placed 2 per cage and food and water were available ad libitum.

Hyperglycemia was induced as previously reported [13–15].

Briefly, animals were fasted for 4 h and then given an

intraperitoneal injection with 50 mg/kg streptozotocin (STZ;

Sigma-Aldrich) dissolved in citrate buffer, pH 4.5, on two

consecutive days. Tail vein glucose was measured using a

glucometer after 72 h; readings greater than 300 mg/dL were

designated as hyperglycemic. At this time, rats were arranged

such that hyperglycemic rats of the same sex were housed

together in order to accommodate extra cage changes required

by the increased urination. Animals that did not become

hyperglycemic within 5 days of STZ injection were removed

from the study.

After more than 6 weeks of hyperglycemia, animals were

designated as type 1 diabetic (T1D) [23] and randomly assigned

to a cohort treated with topical NTX drops (50 µL) twice daily for

10 days; these animals were designated T1D-NTX. A single drop

containing 5 × 10-5 M NTX was administered without anesthesia

to the right eye only at 8–9 a.m. and 5–6 p.m. daily. T1D rats

receiving vehicle-containing drops were designated as T1D and

non-diabetic normal rats as Normal, were administered 50 µL of

vehicle within the same time period. Male and female rats were

treated comparably.

For comparison and to insure that the effects of NTX were

not harmful and related to diabetes, a separate cohort of Normal

animals received NTX drops (Normal-NTX) or vehicle for

10 days. Tear volume was measured at baseline and at 5 and

10 days after drops.

To confirm rigor and reproducibility, four independent

experiments using male rats and three independent

experiments with female rats were conducted in a sequential

manner. Ocular tissues from 12 diabetic males, 14 diabetic

females, 8 non-diabetic normal males, and 9 non-diabetic

Normal females were evaluated.

Ocular surface complications: in vivo
measurements

Tear production and corneal sensitivity were measured in

both male and female rats after 6 weeks of hyperglycemia.

Measurements were made before initiating the NTX treatment

(time 0) and at 5 and 10 days of NTX treatment; recordings at

5 and 10 days were taken prior to the morning treatment. All

measurements were recorded on unanesthetized animals

following published procedures [13–15].

Schirmer tests
Briefly, tear production was measured using Schirmer strips

cut at 1 mm × 17 mm length and placed into the lower lid cul-de-

sac for 60 s. The wetting distance was measured to the half-

millimeter using the manufacturer’s scale.

Corneal surface sensitivity
Corneal surface sensitivity was measured using the blink

reflex and the Cochet-Bonnet aesthesiometer (Boca Raton,

FL). The amount of force (g/mm2) required to induce

blinking was considered indicative of corneal sensitivity

with greater pressure values indicative of insensitivity.

Decreasing lengths of the filament were touched to the

center of the cornea to elicit a blink reflex. The length of

the filament required to induce a blink reflex was recorded;

the procedure was repeated 3 times and averaged. The length

was then converted to g/mm2 using the manufacturers

provided conversion chart.

Morphological changes in the LFU in
diabetic rats

One day after NTX treatment was concluded, all rats in the

study were humanely euthanized using a Euthanex carbon

dioxide apparatus followed by decapitation. Orbital tissues

were excised including the globes, eyelids containing

Meibomian glands, conjunctiva, Harderian glands and

external lacrimal glands. Tissues were fixed either in 4%

paraformaldehyde for 1 h at 20°C followed by 12 h in 30%

sucrose at 2–8°C or fixed in Hartman’s Fixative fir 12h at

20 °C and embedded in paraffin. Fresh-frozen tissues were

frozen in chilled isopentane and stored at −80°C until

cryosectioned. Tissues were stored for less than 10 days before

processing for immunohistochemistry.

LFU morphology
Overall LFU morphology was assessed in paraffin-

embedded hematoxylin and eosin (H&E) or periodic acid

Schiff (PAS) stained sections (6-8um) of lacrimal glands

and eyelids containing Meibomian glands and goblet cells.

Goblet cell number and size were assessed in PAS-stained

conjunctival tissues measuring 200um of conjunctiva starting

at the deepest portion of the conjunctival crypt; goblet cells

below 150 μm2 were excluded from counts. The number and

size of acini in the Meibomian and lacrimal glands were

measured in PAS-stained sections. Briefly, acini were

counted from stained images that were imported into

ImageJ software. Original images were photographed

at ×40 magnification on an Olympus BX50 microscope.

The number of acini (≥24) within defined areas (200 µm in

diameter) was counted using at least 3 sections per animal and

3 animals per group for each sex.
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Immunohistochemical (IHC) staining
Frozen sections (14–16 µm) of lacrimal glands were stained

with validated antibodies for aquaporin-5 (AQP5; 1:100;

ThermoFisher) followed by secondary antibodies using

Alexafluor 568 (1:1000; ThermoFisher). IHC staining was

assessed using confocal microscopy on an Olympus IX81 with

Fluoview (FV1000) at ×40 magnification.

Data analysis

IHC staining was measured using optical density. ImageJ

software was calibrated as indicated by ImageJ protocols. Mean

intensity of samples was normalized to the number of DAPI

positive cells in the area captured. Data from the independent

experiments were combined for each sex and analyzed using

ANOVA (two-way or three-way) with a Tukey post hoc test for

multiple comparisons. Throughout the study, data are expressed

as SEM. All analyses were performed using GraphPad Prism

version 9.0 (GraphPad Software, Inc.); p < 0.05 was considered

statistically significant.

Results

Clinical signs

Male rats weighed approximately 146 ± 9 g at the time of

inducing hyperglycemia. Eight weeks later Normal male rats

weighed 493 ± 52 g and T1D animals weighed significantly less

(p < 0.01) than Normals (approximately 328 ± 45 g). Female rats

weighed 143 ± 6 g prior to inducing hyperglycemia, and

following STZ injections at 8 weeks weighed 262 ± 10 g and

224 ± 5 g (p < 0.01) for Normal and T1D rats, respectively. Blood

glucose levels at 72 h after STZ were approximately 480 mg/dL

for rats injected with STZ (i.e., hyperglycemic) and for the non-

injected Normal rats, glucose levels were ~120 mg/dL. NTX

eyedrops had no effect on body weight or blood glucose levels

in both sexes; data corroborated previous studies in this regard

[7, 15, 16].

Mean tear volume and corneal sensitivity

After 6–7 weeks of hyperglycemia, tear production

measurements as indicated by the length of wetting of the

Schirmer strip were taken at baseline and after 5 and 10 days

of NTX treatment for bothmales and females in all Normal, T1D,

and treated cohorts; values are presented in Figure 1. Three-

factor ANOVAs between condition (T1D, normal), treatment

(NTX, vehicle), and sex were performed. At time 0, there were no

interactions involving treatment, but both male and female T1D

mice had Schirmer scores that were significantly less than

respective Normal rats of corresponding sex. Baseline

Schirmer scores for male T1D rats were 5.5 ± 0.6 mm, a

significant (p < 0.001) reduction of approximately 42% from

normal values of 9.7 ± 0.6 mm. Baseline Schirmer scores for

female T1D rats were 5.625, 38.26% less than Normal females

(p < 0.0001). Three-factor ANOVA performed on day

5 showcased a significant interaction within condition (F (1,

47) = 18.38; p < 0.0001), treatment (F (1, 47) = 8.008; p = 0.0068)

and between Condition x treatment (F (1, 47) = 18.03; p =

0.0001). Within 5 days of NTX treatment, T1D male rats

receiving NTX had substantially improved Schirmer scores

that were significantly elevated above T1D rats receiving

vehicle (p < 0.01) and comparable to Normal male rat values.

Female T1D rats receiving NTX improved but did not reach

significant levels in their Schirmer scores. After 10 days of NTX

treatment, both male and female T1D rats receiving NTX had

significantly higher (p < 0.01 for males; p < 0.05 for females)

Schirmer scores that did not differ from Normal sex

counterparts. T1D rats receiving vehicle continued to display

reduced Schirmer values.

Corneal sensitivity was analyzed with a three-factor ANOVA

(Figure 2). At baseline (time 0), Normal male and female rats had

comparable pressure values of 0.39 g/mm force. T1D male rats

required significantly (p < 0.0001) greater force to elicit a blink

response. Female T1D rats at baseline required 0.65 g/mm force

to elicit a blink; these values differed from both male T1D and

Normal female rats. After 5 days of NTX treatment, male and

female T1D rats receiving NTX had sensitivity scores comparable

to Normals, but did not differ substantially from T1D rats

receiving vehicle. After 10 days of NTX treatment, T1D male

and female rats continued to have depressed sensitivity

(i.e., elevated pressure scores). However, NTX treatment

stabilized sensitivity in male T1D rats such that these animals

had sensitivity scores that were significantly less (p < 0.0001) than

T1D counterparts receiving vehicle.

Morphology of the lacrimal functional unit

External lacrimal gland
The number, size, and shape of lacrimal gland acini in PAS-

stained sections are presented in Figure 3 for male and female

Normal and diabetic rats. As captured in the images (Figure 3A),

male diabetic rats had fewer (p < 0.05; n = 14 acini per 100 μm2)

acini per lacrimal gland (Figure 3B) that were significantly

smaller (p < 0.0001) in area than those in Normal male rats

(Figure 3C). Regarding surface area of acini for male rats, Normal

animals had mean areas of 1,415 ± 33 μm2 in comparison to T1D

rats with mean acini areas of 1,106 ± 27 μm2. Ten days of NTX

treatment did not alter the number (data not shown) or size of

acini. Two-factor ANOVA revealed a significant interaction

between sex vs. treatment (F (2, 444) = 5.215; p = 0.0058)

followed by post hoc comparisons that reveals the acinar size
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in female T1D-NTX rats was significantly smaller than for male

T1D-NTX rats (p < 0.001). No differences in the number of acini

were recorded for female rats in the Normal or T1D cohorts

(Figure 3B), but the average surface area for lacrimal glands was

smaller (Figure 3C) in T1D and T1D-NTX female rats relative to

Normal females. Similar to males, 10 days of NTX treatment had

no affect on the morphology of acini from female diabetic rats.

The function of lacrimal gland acini is to produce and release

fluid in order to lubricate, protect, and cleanse the corneal

surface. One of the major proteins in the aqueous tear film is

aquaporin-5. Reduced levels of tear film aquaporin-5 are

associated with dry eye and/or other epithelial surface

pathologies [24]. Aquaporins aid in transporting water across

cell membranes. Aquaporin-5 is located in salivary and lacrimal

glands, as well as corneal epithelium and alveolar type 1 cells. In

the current experiments, AQP5 was measured by optical density

in tissue (Figure 4A). Optical density measurements supported

the visual images of lacrimal glands. Values were significantly

decreased in stained sections from male (p < 0.0001) and female

(p < 0.01) T1D rats relative to sex-matched Normals (Figure 4B).

Within 10 days of topical NTX application, aquaporin secretion

was substantially increased (p < 0.001) in T1D-NTX male rats,

but not in female T1D-NTX rats. A two-factor ANOVA did not

show a significant interaction between sex and treatment, but did

FIGURE 1
Tear production (volume, µm) in male (A) and female (B) Sprague-Dawley rats randomly selected from Normal, T1D, T1D-NTX, and Normal-
NTX groups (N ≥ 6) at each time point. Values represent means ± S.E.M as measured by the Schirmer test. Data were analyzed using three-factor
ANOVA (condition, treatment and sex) with post hoc Tukey’s tests. Significant differences on each day were noted as p < 0.05 (*), p < 0.01 (**),
p < 0.001 (***), or p < 0.0001 (****).

FIGURE 2
Corneal surface sensitivity measured with a Cochet-Bonnet aesthesiometer in male (A) and female (B) Sprague-Dawley rats. Three readings of
pressure (g/mm2) were averaged for each rat at every time point. test. Values represent means ± S.E.M. for rats randomly selected at each time point
(N ≥ 6 per group). Data were analyzed using three-way ANOVA (condition, treatment, sex) with post hoc Tukey’s tests. Significant differences on each
day were noted as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) or p < 0.0001 (****).
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reveal that treatment had a significant effect (F (2, 66) = 17.02; p <
0.0001) on AQP5 presence in lacrimal gland tissue. Post hoc

comparisons showed female T1D-NTX rats differed significantly

from T1D-NTX male rats at p < 0.05 and had comparable

AQP5 values as T1D female rats.

Size and number of conjunctival goblet cells
Goblet cells produce and secrete mucins that are an

important component of the precorneal tear film by helping it

to adhere to the ocular surface [20]. The mucin also is a

repository for immunoregulation [22]. Goblet cells in the

conjunctiva were stained with hematoxylin and eosin and

exhibited changes in the surface area in T1D rats in

comparison to Normal animals of the same sex (Figures

5A–C). Goblet cell number was measured 200 µm from the

deepest part of the conjunctival crypts, it was comparable

between Normal and T1D rats of both sexes (Figure 5B). The

surface area (Figure 5C) calculated from measurements of

65–100 cells in each treatment cohort revealed that the

stained surface secretions in both male and female T1D rats

were approximately 293.5 ± 10 μm2 whereas both sexes of

Normal rats had cells with mean surface areas of

approximately 446.1 ± 14 μm2 (p < 0.0001). NTX treatment

for 10 days increased the surface area for bothmale (p < 0.01) and

female (p < 0.0001) T1D-NTX rats. A significant two-way

interaction between sex and treatment was noted (p = 0.0065),

followed by post hoc comparisons which revealed that female rats

treated with NTX had significantly more mucin (p < 0.01) than

male T1D-NTX rats.

Meibomian surface area
The surface area of the Meibomian glands, a representation

of size and secretory capacity, were significantly smaller in both

male T1D and female T1D rats relative to Normals (data not

shown). The mean surface areas for Normal males and females

were 4,884 ± 334 μm2 and 5,167 ± 229 μm2, respectively with

approximately a 27% decrease in size in both male and female

T1D glands. There were marginal increases in surface recorded in

female T1D receiving 10 days of NTX, with no increase in area in

male T1D rats.

Discussion

This study analyzed morphological and functional

alterations in the LFU of diabetic rats treated with topical

NTX. The LFU is essential in producing and maintaining a

healthy tear film to help preserve ocular surface homeostasis.

Previous studies have shown that diabetes produced altered

morphology in the LFU structures, with decreased secretory

granules in the lacrimal gland, decreased conjunctival goblet

cell density, and decreased acinar size in Meibomian glands

FIGURE 3
Morphology of lacrimal glands in male and female Sprague-Dawley rats. (A)Morphological images of lacrimal glands showing acini in male and
female Normal and T1D rats. Tissues were stained with hematoxylin and eosin and photographed using an Olympus BX50 microscope
at ×40 magnification. Bar = 50 µm. (B) Histograms representing the number of acini (mean ± SEM). (C) The mean area of individual acini (µm2) for
males and females in each cohort are recorded from areal measurements for >60 acini taken from images of at least 6 lacrimal glands per group
for each sex. Data were analyzedwithmultiple factor ANOVA. There was a significant interaction between sex and treatment. Significantly different at
p < 0.05 (*), p < 0.001 (***) and p < 0.0001 (****).
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[25–27]. We found morphological alterations in the diabetic LFU

after 6–7 weeks of hyperglycemia, with topical NTX altering only

goblet cell deficits after 10 days of treatment. Topical treatment

increased AQP5 expression levels in the lacrimal gland which we

associated with increased tear secretion.

Conjunctival goblet cells aid in the production of the mucin

layer of the tear film, which are responsible for providing a

protective barrier against pathogens and providing lubrication

[28]. Mucins have altered production and expression in dry eye

syndrome with studies using a MUC5AC knock out mouse

model to simulate dry eye disease in animals [29]. Our results

revealed that topical NTX caused a restoration in the size of the

conjunctival goblet cell and was interpreted as an increased

production of cellular projects.

Similarly, diabetic Meibomian glands also showcased a

decrease in acinar size. The Meibomian glands are responsible

for the lipid layer of the tear film, which studies have shown to be

dysregulated in persons with diabetes [30]. The lipid layer

prevents desiccation and is described in the pathology of

desiccative dry eye disease. Both the mucin and lipid layers of

the tear film would not be directly responsible for the reflexive

tear secretion produced by the Schirmer strips. This is a response

caused by afferent corneal nerves being stimulated, causing

parasympathetic activation of the lacrimal gland to “flush”

irritants out of the corneal surface.

Our results support previous studies showcasing

atrophied acini in the diabetic lacrimal gland that may

reflect decreased cell size and/or secretory function [24,

31]. Studies have shown that diabetic rats have smaller

secretory vesicles, decreased levels of cations, and decreased

total protein [24, 32]. Topical naltrexone treatment did not

alter the morphology of the lacrimal gland after 10 days. To

investigate if there was an alteration in the secretory function

of the lacrimal gland, we stained for AQP5. AQP5 is a water

channel protein that plays a role in the generation of saliva,

pulmonary secretions, and tears. Reduced expression of

AQP5 has been measured in patients with Sjögren

syndrome, and autoimmune disorder which commonly

presents with dryness in the eyes and mouth [33].

Treatment with topical NTX increased expression levels of

AQP5 in the lacrimal gland, which we attribute to stimulation

by autonomic nerves causing the corneal reflex. Topical

naltrexone may be modulating corneal nerve sensitivity or

promoting nerve growth to allow for normal signaling.

Topical analgesic drugs used in another study, showcased a

similar increase in tear production and increase in

AQP5 within the lacrimal gland, suggesting that corneal

nerves can be affected by topical treatment [34].

Corneal stimulation activates polymodal nociceptors which

trigger autonomic fibers responsible for lacrimal gland secretion.

FIGURE 4
Aquaporin 5 expression in lacrimal glands of male and female normal and T1D rats. (A) Immunohistochemical images of aquaporin 5 expression
in lacrimal glands of male and female Normal, T1D, and T1D-NTX rats. Tissues were stained with anti-aquaporin 5 (1:100) and AlexaFluor568 (1:1000)
and images captured using Olympus IX81 confocal microscopy at ×40magnification. Bar = 50 µm. (B)Histogram values represent means ± SEM for
optical density measurements. Two-way ANOVA showed no significant interaction between sex and treatment. Primary factors were
significantly different at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
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The cornea is the most densely innervated and sensitive tissue in

the body [35]. Peripheral neuropathy is common complication in

diabetics, described as nerve damage that preferentially targets

sensory axons, it can also occur in the cornea causing a decrease

in corneal nerve density, decreased wound healing, and has been

associated with dry eye disease [36–38]. Studies have suggested

that corneal nerve density can increase within 1–2 weeks of

topical treatment, with increases in corneal would healing [39,

40]. We have previously shown that topical naltrexone increased

corneal wound healing and increased corneal sensitivity, which

we believe could be due to nerve regeneration or the release of

neurotrophic factors by the corneal epithelial cells [13].

Type-1 diabetes in rats resulted in decreased LFU size,

showcasing smaller acini in the meibomian and lacrimal

glands, and reduced goblet cells within the conjunctival

crypts. Ten-day topical NTX treatment resulted with

increased goblet cell size, but did not show any changes to

meibomian and lacrimal gland morphology. The increased

tear production was attributed to increased secretory function

within the lacrimal gland, inferred by the increased

AQP5 staining expression. We suspect the reduced size in

LFU structures is caused by decreased secretory function,

which may be due to reduced signaling by autonomic

pathways. NTX binds on corneal epithelial cells and blocks

OGFr from binding to its ligand, OGF. Blockage of this

negative growth pathway may result in decreased corneal

regeneration, causing a poor signaling from corneal afferent

nerves. Alternatively, naltrexone could indirectly promote the

release of neurotrophic factors by altering corneal epithelium

responsible for their production, creating interactions where

denervation alters corneal epithelium and corneal epithelium

can influence the survival of corneal nerves [41, 42]. Topical

naltrexone does not seem to be affecting the LFU directly,

instead it may be causing alterations to corneal nerve signaling

pathways to cause downstream increased tear production.

Conclusion

In conclusion, our results indicate that type-1 diabetes

alters the LFU morphology, and decreases lacrimal gland

secretory function. The data clearly show increased tear

production and AQP5 expression after NTX treatment.

Future studies will investigate corneal nerve density in

naltrexone treated diabetic rats. Naltrexone can block the

growth inhibitor effects of a dysregulated OGF-OGFr axis

which could be involved with delayed nerve growth in diabetic

corneas. By looking at neurotrophic abundance or corneal

nerve density we hope to elucidate the mechanism of

naltrexone in dry eye.

FIGURE 5
Analysis of goblet cells in the conjunctiva of male and female Normal and T1D rats. (A)Morphological images of the conjunctiva showing PAS-
stained goblet cells. Images were taken using an Olympus BX50 microscope at ×40 magnification. Bar = 50 µm. (B) Histograms of the number
(mean ± SEM) of goblet cells in Normal and T1D rats. (C)Histograms of (means ± SEM) of the surface area (µm2) of individual goblet cells. Analyses of
variance indicated no significant interaction between sex and treatment for the number of goblet cells, but a significant interaction between sex
and treatment (p = 0.006) for area. Post-hoc analyses showed differences at p < 0.05 (*), p < 0.01 (**), and p < 0.0001 (****).
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Abstract

Currently, various functionalized nanocarrier systems are extensively studied for

targeted delivery of drugs, peptides, and nucleic acids. Joining the approaches

of genetic and chemical engineering may produce novel carriers for precise

targeting different cellular proteins, which is important for both therapy and

diagnosis of various pathologies. Here we present the novel nanocontainers

based on vectorized genetically encodedMyxococcus xanthus (Mx) encapsulin,

confining a fluorescent photoactivatable mCherry (PAmCherry) protein. The

shells of such encapsulins were modified using chemical conjugation of human

transferrin (Tf) prelabeled with a fluorescein-6 (FAM) maleimide acting as a

vector. We demonstrate that the vectorized encapsulin specifically binds to

transferrin receptors (TfRs) on the membranes of mesenchymal stromal/stem

cells (MSCs) followed by internalization into cells. Two spectrally separated

fluorescent signals from Tf-FAM and PAmCherry are clearly distinguishable and

co-localized. It is shown that Tf-tagged Mx encapsulins are internalized by

MSCs much more efficiently than by fibroblasts. It has been also found that

unlabeled Tf effectively competes with the conjugated Mx-Tf-FAM

formulations. That indicates the conjugate internalization into cells by Tf-TfR

endocytosis pathway. The developed nanoplatform can be used as an

alternative to conventional nanocarriers for targeted delivery of, e.g., genetic

material to MSCs.

KEYWORDS

encapsulins, fluorescence, photoactivatable label, imaging flow cytometry, targeted
delivery nanosystem
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Impact statement

The paper is dedicated to engineering of a novel genetically

encoded vectorized encapsulin-based nanocontainer system.

Encapsulin shells are extremely robust structures, resistant to

high temperature and denaturation, and they also protect the

payloads inside the shell reliably. Encapsulins also have very

developed surface area which allows both loading various

molecules inside and functionalizing the shells using vector

groups. Therefore, encapsulins are very promising to serve as

selective targeting nanocarriers. The data obtained allowed us to

conclude that the interaction between Mx-Tf-FAM and MSCs

was associated with Tf-TfR internalization pathway.

Introduction

Mesenchymal stromal/stem cells (MSCs) are cells capable of

mesodermal cell lineages differentiation. These cells can differentiate

into osteocytes, chondrocytes, adipocytes, and muscle cells [1]. The

possibility of obtaining MSCs from different biological niches, their

low immunogenic and modulating features [2] enable autologous

and allogeneic transplantation of these cells. MSCs are employed for

the treatment of various pathologies such as bone and cartilage

diseases [3, 4], cardiovascular diseases [5, 6], neurological disorders

[7–9], bronchial diseases [10], and many others. Despite some

success of therapy with MSCs, the clinical application of these

cells is restricted by the phenotypic plasticity. These cells lose

stemness ex vivo, resulting in reduced therapeutic potential [11].

Various genetic modifications of MSCs can partially overcome

this issue.

It is considered that MSCs transduction using, for example,

lentiviral vectors is quite effective. However, this method of cell

modification is not always applicable due to safety concerns

associated with the possibility of insertional mutagenesis, as well

as possible immunogenicity of viral antigens [12]. In addition,

lentiviral gene delivery systems have a relatively small transgene

cargo capacity [13].

There are also numerous methods of nonviral gene delivery to

MSCs. Some approaches are realized by violating the integrity of cell

membranes as a result of microinjection or electroporation [14, 15],

or using cell penetrating peptide [16]. Other methods are based on

the use of various nanocarriers, such as inorganic materials, lipids,

polymers, etc., [17, 18]. These techniques are safer, but, with rare

exceptions, may cause a decrease in cell viability [19]. Therefore, the

development of new gene delivery tools, devoid of the described

disadvantages, is an extremely urgent task. Here, we describe a new

targeted delivery system that employ theMyxococcus xanthus (Mx)

encapsulins as vector nanocontainers. Encapsulins are bacterial

capsid-like, high molecular weight structures consisting of a

protein shell and a cargo protein contained within. The

encapsulin shells are extremely stable, have different diameters,

and reliably protect the cargo proteins. The proteins carried by

encapsulins are diverse and differ in their functions [20]. Since the

discovery of encapsulins in 1994, the focus of their investigation has

gradually shifted towards using these structures as nanocontainer

systems. A number of encapsulin-based delivery systems were

developed. For example, Thermotoga maritima (T. maritima)

encapsulin-based system that selectively binds glucose-regulated

protein 78 in human HepG2 carcinoma cells [21]. A similar

system was developed for targeted delivery of encapsulins loaded

with mini SOG (mini-Singlet Oxygen Generator) to HER2+ breast

cancer cells [22]. A possibility of RNA or DNA loading into

encapsulin shells was also demonstrated in recent works [23, 24].

The wild type Mx encapsulin (Supplementary Figure S1)

consists of a protein shell (EncA) self-assembled of 180 identical

monomeric proteins (32.5 kDa each) confining three ferritin-like

cargo proteins (EncB, 17 kDa; EncC, 13 kDa; EncD, 11 kDa) [25].

We replaced Mx EncBCD ferritin-like native cargo with an

irreversibly photoactivatable derivative of mCherry (PAmCherry)

fluorescent protein as we previously described [26]. We further

modified the Mx shells with human transferrin (Tf) preliminary

labeled with a fluorescent dye of fluorescein-6 (FAM) maleimide to

provide selective binding to the transferrin receptors (TfRs) on

MSCs. The binding selectivity of the resulting vector system (Mx-Tf-

FAM) to MSCs was confirmed by the laser scanning confocal

microscopy and imaging flow cytometry. It was also

demonstrated that free Tf competed for binding with the Mx-Tf-

FAM conjugates. That indicated the conjugate internalization into

the cells by receptor-mediated endocytosis.

The current study demonstrates a biodegradable, non-toxic

and non-viral nanocarrier system that selectively binds to TfRs

on the membranes of MSCs followed by rapid internalization

into cells via Tf-TfR pathway. Such Tf-mediated targeting may be

useful not only for the delivery of genetic material to MSCs, but

also for therapeutic purposes in the treatment of cancer. For

example, to deliver siRNA (small interfering RNA) to TfRs

overexpressing tumor cells.

Materials and methods

Cell cultures

The procedures performed with patient tissue samples were

in accordance with the Declaration of Helsinki and approved by

the Local Ethics Committee, Medical Research, and Education

Center, Lomonosov Moscow State University (IRB00010587),

protocol #4 (2018). Samples of human adipose-derived MSCs

were collected from the Cryobank of the Institute for

Regenerative Medicine of Lomonosov Moscow State

University (collection ID MSC_AD_MSU1, accessed on

1 www.human.depo.msu.ru
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17 November 2023). Informed consent was obtained from all

subjects involved in the study.

MSCs were cultured on DMEM/F12 supplemented with 10%

FBS (HyClone, Cytiva, Washington, D.C., United States), 2 mM

L-glutamine, and antibiotics (100 U/mL penicillin, 0.1 mg/mL

streptomycin) in T-75 cell culture flasks. Human fibroblasts were

kindly provided by the Laboratory of Cell Biology of Lopukhin

Center of Physical-Chemical Medicine of FMBA of Russia. 293T

EncA_PAmCherry cells and fibroblasts were cultured in DMEM

in T-25 flasks with addition of 100 U/mL penicillin, 0.1 mg/mL

streptomycin, 2 mM L-glutamine and 10% FBS. All cell cultures

were grown under standard conditions (5% CO2 and 37°C). All

reactants were purchased from Gibco (New York, NY,

United States) and laboratory plastic was purchased from

Corning (New York, NY, United States).

Mesenchymal stem cells differentiation

MSCs differentiation into chondroblasts, adipocytes, and

osteoblasts was carried out using a commercial StemPro®

Differentiation kit according to the manufacturer’s instruction

[27–29]. After the differentiation was completed, the resulting

chondroblasts, adipocytes, and osteoblasts, and were stained

using Alcian Blue (Sigma-Aldrich, St. Louis, MI,

United States), OilRed O (Sigma-Aldrich), and Alizarin Red

(Sigma-Aldrich), respectively. A Primo Vert light inverted

microscope (Zeiss, Baden-Württemberg, Germany) was used

to obtain images of the stained cells.

Flow cytometry

For the flow cytometry, MSCs were labeled with conjugated

primary antibodies for MSCs positive (CD105, CD73, and CD90)

and negative (CD19, CD45, CD34, CD14, and HLA-DR)

markers using the MSC Phenotyping Cocktail Kit, anti-human

(Miltenyi Biotec, Bergisch Gladbach, and Germany) according to

the standard protocol [30]. The expression of markers was

assessed with a flow cytometer-sorter (FACS Aria III, BD

Biosciences, Franklin Lakes, NJ, USA). Dead cells were

excluded from the analysis by staining with SytoxBlue Dead

Cell stain (Invitrogen, Waltham, MA, United States); cell debris,

and duplexes were excluded based on the forward and side light

scattering parameters.

Imaging flow cytometry

24 h prior to the experiment MSCs were cultured in a 96-well

plate (~7.000 cells/well, Corning) in 100 µL of DMEM/

F12 medium supplemented with 10% FBS. For Tf competition

binding assay, Mx-Tf-FAM encapsulins in PBS (50 ng/μL) mixed

with free soluble Tf (in fivefold excess) were added to the cells.

After 1.5 h incubation the cells were washed three times with

DPBS to remove the unbound Mx-Tf-FAM and Tf. Next, the

cells were detached from the plastic, precipitated (500× g, 5 min),

and resuspended in 0.1 mL of 4% PFA in PBS (pH 7.4).

Cytometric assays were performed using an ImageStream X

Mark II imaging flow cytometer (Amnis, Luminex

Corporation, Austin, TX, United States), which is a powerful

tool for investigation of binding [31, 32]. The present studies

were carried out using a ×40 objective, 488-nm (175 mW) laser

for fluorescence excitation, and at 785-nm laser light (0.5 mW)

for side scatter measurements.

Laser scanning confocal microscopy

The cell imaging was performed using an A1R MP+ (Nikon,

Tokyo, Japan) instrument (405 and 561 nm laser wavelengths, oil

immersion objective lenses Apo TIRF 60×/1.49) or Eclipse Ti2

(Nikon, Tokyo, Japan) (405, 561, and 642 nm laser wavelengths,

Apo 25×/1,1 water immersion objective lenses) laser scanning

confocal microscopes. The scanning was performed using the

ThorImageLS 2.4 Software (Thorlabs, Newton, NJ, United States)

and Nikon NIS elements 4.50 software (Nikon, Tokyo, Japan). To

process the images the ImageJ2 Fiji software was used.

Immunoprecipitation

293T EncA_PamCherry cells were placed into 6-wells plates

in 2 mL of DMEM culture medium (1.5 × 106 cells/well), FLAG-

tagged Mx encapsulins were isolated from 293T EncA_

PamCherry cells after 24 h of cultivation using Anti-FLAG

M2 Affinity gel (Sigma Aldrich) according to the

manufacturer’s instruction as described earlier [26].

Dynamic light scattering

The hydrodynamic diameter of purified Mx encapsulins was

measured via ZetaSizer Nano ZS (Malvern, UK) at 25°C using

standard glass cuvettes containing 1,000 μL of eluate solution in

TBS according to a procedure recommended the

manufacturer [33].

Western blot analysis

Briefly, 293T EncA_PamCherry cells were, and the resulting

lysate was centrifuged for 20 min at 14,000 × g. Buffer 5× was

added to various amounts (2 μL, 5 μL, 10 μL, and 20 µL) of the

cell lysate, then heated at 95°C, and after that cooled on ice. The

lysate was loaded onto gel and electrophoresed for 25 min at 80 V
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and then for 1.5 h at 100 V. The gel was moved into a transfer

buffer. The activated nitrocellulose membrane was placed over

the gel. The transfer procedure was fulfilled for 1 h at 100 V in a

chamber filled with transfer buffer. The membrane was

thoroughly washed in PBST to remove the transfer buffer.

The membrane was incubated with 5% non-fat milk in PBST

solution for 2 h to prevent nonspecific binding and then washed

again. The membrane was incubated with anti-Flag Tag

antibodies (1:1,000, BioLegend, San Diego, United States) for

2 h followed by washing three times with DPBS. Next, secondary

antibodies (1:1,000, goat anti-mouse IgG, Santa Cruz

Biotechnology, Dallas, United States) conjugated with alkaline

horseradish peroxidase were added. The results were readout by a

ChemidocMP Imaging system (BioRad, Hercules, United States).

Conjugation with fluorescent dye and
engineering of Tf-FAM labeled Mx
encapsulins

At first, apo transferrin (10 mg, Merck, Rahway, NJ,

United States) was dissolved in 2 mL of DPBS (pH = 6.8).

Fluorescein-6 maleimide (Lumiprobe, Russia) in the amount

of 2 µL (20 mg/mL in DMSO) was added and mixed

overnight at constant stirring at ambient temperature. After

that, the resulting solution was purified five times using

centrifugal concentrator 30 kDa cut off filters (Millipore

Billerica, United States) and adjusted to 1 mL in PBS (pH =

7.4). Then, 10 μL of 6-Maleimidohexanoic acid

N-hydroxysuccinimide ester at concentration of 0.5 mg/mL in

water:DMSO 1:1 was mixed with Tf-FAM followed by 1 h

incubation at ambient temperature. The solution was also

purified five times by 30 kDa cut off filters and resolved in

1 mL PBS (pH = 6.8). At last, the isolated Mx encapsulins

were also diluted in PBS at pH = 6.8 and mixed 1:1: by

weight in 1 mL of the reaction mixture overnight. The

produced conjugates were washed seven times using 100 kDa

cut off filters and PBS (pH = 7.4). The 500 ng/μL Mx-Tf-FAM

stock solution was kept at 4°C.

Cellular uptake of Mx and Mx-Tf-FAM
encapsulins

MSCs and human fibroblasts were seeded on a 2-well

µ-Dish for confocal microscopy (Ibidi, Martinsried,

Germany) in the amount of 1 × 104 cells/dish and cultured

for 24 h prior the assay. Following the cultivation, 30 μL of Mx

or Mx-Tf-FAM samples in PBS aligned according to protein

concentration was added to the cells to the final concentration

of ~290 ng/μL. The cells were incubated at 5% CO2 and 37°C

for 30 and 90 min. After that, the culture medium was

removed. The cells were washed thoroughly with DPBS to

remove unbounded encapsulins. The cells were studied using

a Nikon Eclipse Ti2 confocal microscope.

Results

Characterization of MSCs

At first, the markers on the cell surface were detected using

the flow cytometry. The data obtained showed that the

expression profile of CD markers was typical for MSCs. The

cells were positive for the mainMSCsmarkers (CD73, CD90, and

CD105) and negative for such markers as CD14, CD20, CD34,

and CD45 (Figure 1A). Besides, it is well-known that MSCs have

a potential for multidirectional differentiation into a different cell

type (chondrocytes, adipocytes and osteoblasts). We used

commercially available kits that allowed implementation of

in vitro MSCs differentiation. As can be seen in Figure 1B,

MSCs exhibited positive Alizarin Red staining after osteogenic

induction; positive Alcian blue (as shown in Figure 1C) and Oil

Red O (as demonstrated in Figure 1D) staining after

chondrogenic and adipogenic induction, respectively. Thus,

the mesenchymal identity (i.e., the ability for multilineage

differentiation and CD markers expression profile) of MSCs

was confirmed. The images of the negative control cells for

each staining are demonstrated in Supplementary Figure S2.

Isolation and characterization of Mx
encapsulins

Our previous study showed that expression of stable Mx

encapsulin protomer protein such as EncA tagged with a

DYKDDDDK sequence and the fluorescent PAmCherry cargo

encoding genes could be successfully achieved in mammalian

293T cells. We also demonstrated that encapsulated label did not

affect cell proliferation and viability [26].

In this study we first verified the presence of necessary

transgenic sequences, as well as proteins translated from

them. For this purpose, PAmCherry was photoactivated in

the transgenic 293T cells. PAmCherry encoding gene is

coupled to a short protein (Figure 2A) unstable under

physiological conditions [destabilization domain (DD)]

[34]. The presence of DD leads to PAmCherry protein

degradation by the proteasome if not encapsulated into the

Mx shell. As can be seen from Figure 2B, after the activation

with a laser with the wavelength of 405 nm and subsequent

excitation with a 561 nm light, a bright red fluorescent signal

from PAmCherry was detected in the cell cytoplasm.

Therefore, we could conclude that the expression of

encapsulated PAmCherry label was retained. The protein

expression of EncA protomers was also confirmed by the

Western blot analysis. A single band of protomer protein
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with a weight of ~35 kDa was clearly visible (Figure 2C). The

encapsulins were further isolated from the cells, and the

hydrodynamic size of the shell was measured using the

DLS analysis. According to the DLS analysis, the

hydrodynamic size of isolated Mx encapsulins (Figure 2D)

was 37 ± 6 nm with 0.4 PDI (polydispersity index). This value

corresponds well to the size of the Mx encapsulin shell

described in literature [35].

Engineering of Tf-FAM double-labeled Mx
encapsulins

We have developed a strategy for FAM-labeled Tf

conjugation with Mx encapsulin shells using EMCS − a

heterobifunctional cross-linking reagent with amine and

sulfhydryl reactivity (Figure 3). Thus, the receptor-targeted

Mx-Tf-FAM obtained in this study has two fluorescent labels:

PAmCherry (spectral maximum of exaction at 564 nm and

emission at 595 nm) inside the shell, and FAM (spectral

maximum of exaction at 492 nm and emission at 517 nm) on

the shell. These two fluorescent labels, on the one hand, enable

verification of Tf-FAM localization on the shells of Mx

encapsulins, and, on the other hand, visualize the conjugate

internalization into cells.

Cellular uptake of vectorized Mx
encapsulins by MSCs

First of all, the ability of Tf-FAM to bind to TfRs was

analyzed by the laser scanning confocal microscopy using

MSCs and human fibroblasts. The obtained microphotographs

(Figure 4A) show that TfRs are visualized as characteristic

placoids with cytoplasmic localization. The imaging flow

cytometry measurements (Figures 4B, C) also confirmed

MSCs to be TfR positive. It can be seen that the TfR

expression in fibroblasts is dramatically lower compared to

that of MSCs (Supplementary Figure S3).

Next, the laser scanning confocal microscopy was used for

qualitative estimation of the uptake and intracellular distribution

of Mx-Tf-FAM by MSCs. The obtained micrographs (Figure 5)

clearly show the co-localization of two intense fluorescent signals

in green and red spectral ranges. It can also be seen that the

fluorescent signal is localized predominantly on membranes of

the cells after 30 min of incubation (Figure 5, upper row), and

after 1.5 h of incubation (Figure 5, lower row), the signal from the

labels is also observed in the cytoplasm of the cells. The uptake of

Mx-Tf-FAM by control fibroblasts is presented in Supplementary

Figure S4. In contrast to the result obtained for MSCs, the

fluorescent signals from Tf-FAM and PAmCherry in

fibroblasts are barely distinguishable.

FIGURE 1
Phenotypic characterization and multilineage differentiation of human MSCs. (A) Flow cytometry analysis of the MSCs surface markers
expression: red graphs show experimental samples, while blue graphs—negative control. MSCs differentiation: (B) Osteogenic revealed by Alizarin
Red, (C) chondrogenic revealed by Alcian Blue, and (D) adipogenic revealed by Oil Red staining. Scale bars are 50 μm.
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At last, to verify that the interaction between Mx-Tf-FAM

and MSCs was related to Tf-TfR interaction, we assessed by the

imaging flow cytometry the ability of free Tf to compete for

interaction with the vectorized encapsulins. It was shown

(Figure 6A) that the median intensity in the “Mx-Tf-FAM”

sample exceeded that of the “Mx-Tf-FAM + Tf” sample. It

can also be seen (Figure 6B) that the FAM fluorescence

intensity in the “Mx-Tf-FAM” sample is significantly higher

compared to that observed in the “Mx-Tf-FAM + Tf” sample

(Figure 6C). In addition, it can be noted that in spite of MCSs

presence in bright field, the FAM signal is almost

absent (Figure 6C).

The results obtained demonstrated that the unlabeled Tf

effectively competed with the conjugated Mx-Tf-FAM

formulations. That indicates conjugate internalization into

cells by, supposedly, receptor-mediated endocytosis.

Certainly, further research is required to recognize the

exact Mx-Tf-FAM endocytosis pathway, for example, using

endocytosis blockers.

Discussion

Over the past decades, many different nanocarrier delivery

systems were developed, e.g., gold [16, 36] and iron oxide [37, 38]

nanoparticles, including those with metal-organic framework

storages for drug and in vivo gene delivery [39, 40]; micelles

[41]; hybrid liposome-, polymer- [42], and protein-based

nanoparticles [43, 44]. The shells of such carriers can be

modified by adding to their surface various receptor molecules

to provide fast binding kinetics to the related ligand [45] and

achieve specific targeting [46]. An important part of these studies

was investigation of toxicity of the obtained nanocarriers and the

products of their in vivo biodegradation [47–49]. Among others,

the protein-based nanocontainers (virus-like particles, ferritins,

encapsulins) are of particular interest due to their stability, non-

toxicity, and biodegradability.

As it is mentioned above, encapsulins are very similar in

structure to viral capsids. Like viral capsids, they reliably keep the

internal payload of the shell. In our recent work [26] on RAW

FIGURE 2
Assembly of Mx encapsulins and PAmCherry photoactivation in 293T cells. (A) Schematic representation of the genetic constructs (with minor
omissions) and the assembled Mx encapsulin shell containing a photoactivatable protein. At the N-terminus, PAmCherry is fused to a destabilization
domain (DD) to degrade such a protein that is not encapsulated within the envelope. MxSig is C-terminal Mx encapsulation signal,
CMV—cytomegalovirus promoter; (B) 293T EncA_PAmCherry cells after irradiation with a 405 nm laser followed by excitation with light with
561 nm wavelength. Laser scanning confocal microscopy using Nikon A1 MP instrument, scale bars are 20 μm; DIC—differential interference
contrast; (C)Western blot analysis against FLAG-tag on EncA protomer proteins; the numbers indicate the volume of cell lysate (2, 5, 10, and 20 µL)
added to the gel; the triangle indicates a decrease in the volume of cell lysate added to the gel; black arrow indicates a band with a molecular weight
of 35 kDa region; (D) Dynamic light scattering analysis of isolated Mx encapsulins (d = 37 ± 6 nm; PDI 0.4).
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FIGURE 3
Schemes of Tf-FAM-conjugated Mx encapsulins preparation. (A) Labeling of human Tf with FAM; (B) Tf-FAM binding with the bifunctional EMCS
linker; (C) Conjugation of Tf-FAM with Mx encapsulin using EMCS.

FIGURE 4
Cellular uptake of FAM-labeled transferrin byMSCs. (A)Uptake of Tf-FAM inMSCs after 90 min incubation. Green fluorescent signal shows FAM.
Laser scanning confocal microscopy, scale bar 50 μm. (B) FAM intensity histogram and (C) representative images of Tf-FAM labeled MSCs in bright
field and FITC channels of an imaging flow cytometer.
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FIGURE 5
Uptake and intracellular localization of Mx-Tf-FAM in MSCs after 30 min (upper row) and after 90 min (lower row) of incubation measured by
confocal microscopy. Green fluorescent signal—FAM, red fluorescent signal—PAmCherry, scale bars are 50 μm.

FIGURE 6
The ability of free unlabeled Tf to compete for binding with Mx-Tf-FAM assessed by the imaging flow cytometry. (A) FAM intensity histograms
for MSCs labeled with Mx-Tf-FAM and under incubation in an excess of free unlabeled Tf that inhibit further binding of Mx-Tf-FAM; (B) representative
images of Mx-Tf-FAM labeled MSCs in bright field and FITC channels (C) representative images of MSCs labeled with Mx-Tf-FAM in an excess of free
Tf in bright field and FITC channels.
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264.7 cells, it was shown that Mx encapsulin shells protect the

cargo protein from the action of intracellular proteases for at least

2 h. Interestingly, there is one more research, in which the

authors investigated the uptake of fluorescently labeled

encapsulins by macrophages (J774 macrophages cell line) [50]

but they used a significantly longer internalization time.

In the present research, FAM-labeled human transferrin was

obtained by binding of SH-groups with FAM-maleimide. Tf-

FAM was then chemically conjugated using a linker bound with

NH2-groups of Tf-FAM and SH-groups on the encapsulin shells.

According to the PDB data (entry 7S20), each EncA monomer

has two cysteines in its structure. In total, theMx encapsulin shell

consists of 180 such monomers so the EMCS linker is potentially

capable of binding FAM-labeled transferrin in 360 sites. That

enables amplification of the fluorescent signal of FAM.

Prior to exploring the Tf-mediated targeting, we tested the

uptake of non-vector Mx encapsulins by MSCs and human

fibroblasts. No, even minimal, fluorescent signal of

PAmCherry was detected in the cells after 2 h of incubation

(Supplementary Figure S5). Unlike macrophages, neither MSCs

nor fibroblasts are professional phagocytes. That is why they are

not able to rapidly internalize protein structures of high

molecular weight. The fact that Mx encapsulins are naturally

inert toMSCs again confirms the need for further development of

the targeted nanocarriers.

TfR-mediated endocytosis is a relatively fast process but the

rate of Tf internalization varies in different cells [51]. In the case

of MSCs, internalization of Mx-Tf-FAM conjugates could be

registered after 30 min of incubation, while after 1.5 h

incubation, fluorescent signals from FAM and PAmCherry

were detected throughout the cell cytoplasm.

The targeted delivery system presented in this work is

effective not only for MSCs but also for other cells of high TfR

expression level. This is particularly true for malignant cells. It

is well known that TfR plays an important role in the processes

of proliferation, migration, and invasion of cancer cells

[52–54]. As an example, one such neoplasm is known to be

human glioblastoma multiforme—the primary grade IV brain

tumor in adults with poor prognosis [55]. The model

PAmCherry cargo protein used in this study can be further

replaced/supplemented with different genetic material [56,

57], and the resulting nanoplatform can be an alternative to

viral vectors for nucleic acids delivery to MSCs [58].

Moreover, this platform is suitable for intracellular delivery

of recombinant proteins which is a potential strategy against a

wide range of diseases.

Regarding the use of encapsulin-based nanocontainer

systems for in vivo studies, it is important to address the

issue of potential immunogenicity of the xenogeneic proteins.

We have already discussed this problem partially: we presently

know that, at least, Quasibacillus thermotolerans encapsulin-

containing cells do not cause an immune response when

implanted into mice [59] and rats [60]. In addition, an

article was recently published evaluating in vivo behavior

of Thermotoga maritima encapsulins administered

intravenously into mice [61]. The work demonstrated that

IV-injected Thermotoga maritima encapsulins exhibited an

excellent safety profile. The results obtained suggest that

encapsulins from bacteria of other strains may also be safe

for in vivo use.

It is noteworthy that all the described encapsulin-based

delivery systems used encapsulins purified from bacteria of

various strains. We have shown a possible alternative

approach to encapsulin isolation using an eukaryotic cell line.

We hope that our results will facilitate further developments of

similar techniques.

Conclusion

Undoubtedly, encapsulins currently remain a relatively new

object of research; their properties and their original functions in

prokaryotes should be comprehensively studied. However,

practical applications of encapsulins in the field of

biotechnology is becoming increasingly promising. In this

study, we describe a new vector tool for delivery of nucleic

acids to mesenchymal stem cells. The entire process for

obtaining of Mx-Tf-FAM conjugates was carried out under

completely aseptic conditions, and that enabled development

of a sterile and endotoxin-free delivery system targeted by

transferrin receptors. The vectorized Mx encapsulins

containing a PAmCherry label can bind transferrin receptors

on the surface of mesenchymal stem cells followed by

internalization into cells by, presumably, receptor-mediated

endocytosis, while maintaining the PAmCherry and FAM

fluorescent signals.

Summarizing, compared to nanoplatforms based on

inorganic and/or polymer nanoparticles encapsulin-based

nanocontainer systems have a number of advantages. These

structures are not only extremely robust. These are completely

biodegradable, non-toxic, endotoxin-free protein

nanoparticles. The synthesis of encapsulins is genetically

based, which, on the one side, means its reproducibility is

extremely high and, on the other side, there is a possibility for

genetic manipulation. Thus, these features of encapsulins

promise significant customization flexibility and broad

usability. The obtained nanocarrier can be supplemented

not only with nucleic acids, but also with peptides or

therapeutic agents for specific delivery to MSCs.
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Abstract

Azoospermia is a serious leading male-factor cause of infertility in couples of

childbearing age. The two main azoospermia types, obstructive (OA) and non-

obstructive (NOA) azoospermia, differ in their treatment approaches. Therefore,

their clinical diagnosis is extremely important, requiring an accurate, efficient,

and easy-to-use diagnostic model. This retrospective observational study

included 707 patients with azoospermia treated between 2017 and 2021,

498 with OA, and 209 with NOA. Hematological and seminal plasma

parameters, hormone levels, and testicular volume were used in logistic

regression analysis to evaluate and compare their diagnostic performance,

results showed that the optimal diagnostic model is constructed by five

variables including semen volume, semen pH, seminal plasma neutral α-
glucosidase activity, follicle-stimulating hormone in the serum, and testicular

volume, compared with follicle-stimulating hormone-based and testicular

volume-based models. The 5-factor diagnostic model had an accuracy of

90.4%, sensitivity of 96.4%, positive predictive value of 90.6%, negative

predictive value of 89.8%, and area under the curve of 0.931, all higher than

in the other two models. However, its specificity (76.1%) was slightly lower than

in the other models. Meantime, the internal 5-fold cross-validation results

indicated that the 5-factor diagnostic model had a good clinical application

value. This study established an accurate, efficient, and relatively accessible 5-

factor diagnostic model for OA and NOA, providing a reference for clinical

decision-making when selecting an appropriate treatment.

KEYWORDS

azoospermia, diagnostic model, follicle-stimulating hormone (FSH), seminal plasma,
testicular volume
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Impact statement

At present, the incidence of male infertility is gradually

increasing, and many couples of childbearing age suffer from

it. Among them, azoospermia is one of the most common and

serious causes of male infertility, mainly divided into obstructive

azoospermia and non-obstructive azoospermia. The optimal

treatment options for the two types of azoospermia are

different, so clinically accurate and efficient differentiation is

required. In this study, a highly accurate diagnostic model was

established using clinical routine parameters such as semen

volume, semen pH, seminal plasma neutral α-glucosidase
activity and follicle-stimulating hormone, as well as testicular

volume. Compared with the traditional gold standard “testicular

biopsy,” this model is simple, non-invasive, efficient and

accurate, which can provide a good reference for clinical

decision-making, and its practical application value needs to

be tested in a larger population.

Introduction

The incidence of male infertility is increasing. It has been

reported that about 10–15% of all couples of reproductive age

face fertility-related problems, and about 50–60% of these can be

attributed to males [1–3]. Azoospermia is a common and the

most severe cause of male infertility, affecting approximately

10–15% of infertile males [4–6]. Azoospermia means that no

spermatozoa are found in two or more ejaculated semen samples

[6]. Azoospermia is divided into obstructive (OA) and non-

obstructive (NOA) azoospermia types. In OA, spermatogenesis is

normal, but the sperm cannot be excreted normally due to

mechanical obstruction along the reproductive tract, including

the vas deferens, epididymis, and ejaculatory ducts. The

spermatogenic dysfunction of NOA is associated with

inherent defects in the testes caused by various factors that

severely affect the process, usually resulting in primary

testicular failure or dysfunction of the hypothalamic-pituitary-

gonadal axis [4, 6].

Advances in sperm retrieval and microsurgical techniques

make it possible for more couples with infertility to have

progeny. The two azoospermia types are clinically treated

differently to achieve the best therapeutic effect. Patients

with OA are often referred for surgical removal of

obstruction, while those with NOA may require assisted

reproductive technologies, including microdissection

testicular sperm extraction [7]. Particularly, in some cases, in

addition to conventional microsurgical reconstruction

operations such as vasoepididymistomy, patients with

epididymis obstruction or inguinal vessel obstruction can

also be offered percutaneous epididymal sperm aspiration

(PESA), microsurgical epididymal sperm aspiration (MESA),

or testicular sperm aspiration (TESA), and patients with

intratesticular obstruction can take conventional testicular

sperm extraction (TESE) [3, 8]. Therefore, an accurate

diagnosis of the azoospermia type is very important for

clinical treatment selection. A comprehensive clinical

assessment is made to clarify the azoospermia type,

comprising the results of medical history, physical

examination, semen analysis, hormone evaluation, genetic

testing, and various imaging examinations. These can lead to

a definite diagnosis in over 90% of the patients with

azoospermia; however, this comprehensive evaluation is

time- and workforce-demanding, significantly increasing the

diagnostic and treatment costs. Furthermore, a definite

diagnosis cannot be reached for some patients, requiring

testicular biopsy, the gold standard for OA and NOA

diagnosis. However, a biopsy might cause testicular damage,

so the relevant guidelines do not recommend using this method

as a routine diagnostic tool to determine the azoospermia type

[4]. An accurate and efficient clinical diagnostic model that can

reduce the diagnosis and treatment costs for patients with

azoospermia; however, such diagnostic models of

azoospermia are scarce and limited. Studies have shown that

males with elevated serum follicle-stimulating hormone (FSH)

and reduced testosterone/FSH ratio are more likely to have

abnormal semen analysis [9], reflecting lesions in the male

genitourinary system [10]. The FSH-based model established by

Tradewell et al. was good at predicting the probability of

azoospermia but could not be used for differential

diagnosis [11].

This study aimed to construct a clinical diagnostic model to

differentiate between OA and NOA using conventional clinical

parameters such as testicular volume, seminal plasma

composition, and hormone levels. The receiver operating

characteristic (ROC) curve was used to assess the diagnostic

ability of the developed models and identify the optimal one.

Such a model would be a valuable clinical tool for azoospermia

diagnosis, ultimately providing a preliminary reference for

selecting appropriate clinical treatment methods.

Materials and methods

Study population

This retrospective study included 707 patients with

azoospermia treated at the First Affiliated Hospital of Sun

Yat-Sen University between 2017 and 2021, 498 with OA, and

209 with NOA. All patients were diagnosed by ultrasonographic

examination of the urogenital system and testicular biopsy.

Among them, 493 patients underwent testicular biopsy in

dedicated Fertility Center Laboratory of the hospital.

According to histopathological results, it was diagnosed as OA

if spermatogenic cells and mature spermatozoa at all levels can be

seen in the seminiferous tubules, and the number is generally
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normal or slightly reduced, and/or there is obstruction or absence

of the epididymis, vas deferens, or ejaculatory ducts according to

the ultrasound results; while the presence of markedly reduced

testicular volume, cryptorchidism, or testicular parenchymal

lesions was diagnosed as NOA. However, most patients were

diagnosed as NOA when biopsy results showed that all levels of

spermatogenic cells with a small amount of mature spermatozoa

could be seen in the seminiferous tubules, significantly reduced

mature spermatozoa or even azoospermia or Sertoli cell-only

syndrome, or ultrasonography showed substantial changes in the

testicles, and only a few patients was diagnosed as OA as the

ultrasound results showed obstruction, semen stasis, or

reproductive duct deficiency. The remaining 214 patients did

not undergo testicular biopsy, and the diagnosis was mainly

based on clinical manifestations and ultrasound results,

including whether there was obstruction, absence of

reproductive tract, and testicular volume, et al. During the

testicular biopsy, the laboratory will immediately cryopreserve

all the viable sperm if any of them are extracted. Patients with

liver, kidney, hypothalamic-pituitary, and other reproductive

system diseases were excluded.

Data collection

The following data were retrieved from the institute’s

database to construct the models: age; hematological

parameters, including absolute values of leukocytes,

neutrophils, monocytes, lymphocytes, eosinophils, basophils,

red blood cells (RBC), and platelets, mean corpuscular

volume, and hemoglobin; semen and seminal plasma analysis,

including semen volume, pH, seminal fructose and elastase

concentrations, seminal plasma neutral α-glucoside activity

(SPNG); serum levels of FSH, luteinizing hormone (LH),

testosterone, progesterone, estradiol, and prolactin;

testicular volume.

Establishment and evaluation of themodel

The OA and NOA groups were compared using

nonparametric tests to screen for significantly different

parameters. The parameters selected for inclusion in the initial

logistic regressionmodel were RBC, hemoglobin, platelets, semen

volume, semen pH, seminal fructose, SPNG, FSH, LH,

testosterone, prolactin, and testicular volume. Independent

variables with a significant (p < 0.05) impact on the outcome

were further screened to establish possible diagnostic models.

Finally, we used the area under the ROC curve (AUC) to calculate

the accuracy, sensitivity, specificity, positive predictive value

(PPV), and negative predictive value (NPV) of the models.

The diagnostic performance of the models was evaluated (see

below), and the optimal one was selected.

Internal validation of the model

The internal validation of the model tested its generalization

ability and evaluated its clinical application value. We used the

machine learning tool in the DxAI intelligent scientific research

platform (Deepwise, Beijing, China) with a 5-fold cross-

validation method to validate the model. This validation

method randomly divides all the research subjects into five

average groups, using four groups as a training set and the

fifth as a validation set. This process was repeated, using each

time a different group as the validation set. The average value of

the five evaluation results was used as the final evaluation

indicator. The assessed metrics included the AUC, accuracy,

sensitivity, specificity, PPV, and NPV.

Statistical analysis

This study used IBM SPSS Statistics for Windows, Version

20.0 (IBM Corp., Armonk, NY, United States) for data analysis.

The Kolmogorov-Smirnov test assessed whether the variables

were normally distributed. Continuous variables are described

as medians (interquartile ranges), and categorical variables as

frequencies (percentages). The Kolmogorov-Smirnov test

compared continuous variables between two independent

samples, and the Mann-Whitney U test compared categorical

variables. Missing data values were completed using the

expectation-maximization model. Binary logistic regression

was used for multivariate analysis to obtain the

corresponding diagnostic model. The stepwise regression

method (forward-likelihood ratio) was used to screen

independent variables, that is, the independent variables are

introduced into the regression equation one by one, and the

models with and without an independent variable are compared

by the likelihood ratio statistic, and if there is statistical

significance, the independent variable is included in the

model, and vice versa, until no independent variable can be

introduced. The models’ ability to differentiate OA from NOA

was evaluated using ROC analysis, and the MedCalc, Version

20.115 (MedCalc Software Ltd., Ostend, Belgium) was used for

comparison of different ROC curves. The machine learning

process was carried out on the DxAI intelligent scientific

research platform. All tests were two-sided, and the

significance level was set at p < 0.05.

Results

Demographic and clinical characteristics
of the research subjects

During the study period, 707 patients (median age is 30, IQR

is 6) with azoospermia were admitted to the First Affiliated
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Hospital of Sun Yat-sen University, 209 with NOA and 498 with

OA. The clinical characteristics, hematological parameters,

semen and seminal plasma parameters, serum hormone levels,

and testicular volume of the two groups are summarized in

Table 1. The analysis results showed that the RBC, hemoglobin,

and testosterone in the OA group were significantly higher (p <
0.01) and FSH, LH, and prolactin significantly lower (p < 0.01)

than in the NOA group. The groups also differed significantly in

testicular volume (p < 0.01). Based on a normal testicular volume

of 12–19 mL [13], 88.5% of the patients in the NOA group had

unilateral or bilateral testicular volume reduction or

cryptorchidism, while this was found in only 46.6% of the

patients in the OA group. Nearly half (44.6%) of the OA

group had normal testicular volume compared with 10.5% of

the NOA group. Other indicators, such as age, the total number

of leukocytes and their components, mean corpuscular volume,

seminal plasma elastase, progesterone, and estradiol levels, were

similar in both groups.

Establishment and evaluation of themodel

We included indicators significantly different between the

OA and NOA groups as candidates for the logistic regression

TABLE 1 Demographic and clinical characteristics of OA and NOA groups.

Variable NOA (n = 209) OA (n = 498) p-value

Age (years) 30.00 (6.00) 30.00 (7.00) 0.72

Leukocytes (×109/L) 6.93 (2.39) 6.98 (2.02) 0.75

Neutrophils (×109/L) 3.99 (1.89) 4.00 (1.69) 0.55

Monocytes (×109/L) 0.49 (0.18) 0.49 (0.20) 0.98

Lymphocytes (×109/L) 2.16 (0.75) 2.19 (0.79) 0.99

Eosinophils (×109/L) 0.12 (0.14) 0.13 (0.17) 0.16

Basophils (×109/L) 0.03 (0.03) 0.03 (0.03) 0.85

RBC (×1012/L) 5.16 (0.64) 5.28 (0.54) 0.002 **

MCV (fL) 88.45 (5.27) 88.80 (5.80) 0.29

Hemoglobin (g/L) 152.00 (14.00) 157.00 (13.50) 0.000 **

Platelets (×109/L) 259.00 (79.50) 241.00 (71.00) 0.002 **

Semen volume (mL) 3.50 (2.00) 1.60 (1.70) 0.000 **

Semen pH 7.50 (0.00) 7.50 (1.00) 0.000 **

Seminal plasma fructose (µmol) 28.90 (43.85) 2.90 (16.25) 0.000 **

SPNG (mU) 24.80 (39.75) 2.90 (8.35) 0.000 **

Seminal plasma elastase (ng/mL) 169.20 (472.35) 205.80 (827.85) 0.14

FSH (IU/L) 14.69 (13.05) 3.67 (2.32) 0.000 **

LH (IU/L) 5.08 (3.58) 2.84 (1.69) 0.000 **

Testosterone (ng/mL) 3.97 (2.81) 4.89 (2.69) 0.000 **

Progesterone (ng/mL) 0.30 (0.20) 0.30 (0.10) 0.72

Estradiol (pg/mL) 21.00 (13.00) 21.00 (12.00) 0.96

Prolactin (ng/mL) 12.13 (10.55) 10.35 (6.04) 0.000 **

Testicular size

Bilateral small testes or cryptorchidism 172 (82.3%) 142 (28.5%) 0.000 **

Unilateral small testis or absence/cryptorchidism 13 (6.2%) 90 (18.1%)

Bilateral normal testicular volume 22 (10.5%) 222 (44.6%)

Unilateral or bilateral large testicular volume 2 (1.0%) 44 (8.8%)

**p < 0.01. OA, obstructive azoospermia; NOA, non-obstructive azoospermia; SPNG, seminal plasma neutral α-glucosidase activity; FSH, follicle-stimulating hormone; RBC, red blood

cells; LH, luteinizing hormone; MCV, mean corpuscular volume.

The bold values mean significant different variable between OA and NOA.
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analysis and screened independent variables with the stepwise

regression method (forward-LR) to avoid including too many

independent variables and minimize the influence of irrelevant

ones, improving the diagnostic model performance. Finally, a

diagnostic model was established with five variables, including

semen volume, semen pH, SPNG, FSH, and testicular volume

(Model 1). Since the testicular volume had the greatest impact on

the diagnostic results in the logistic regression model (odds ratio,

0.013; 95% confidence interval, 0.000–0.457, p = 0.017), it was

used as an independent risk factor to establish a new diagnostic

model (Model 2). Furthermore, FSH has been used alone to

predict azoospermia [11] and as a diagnostic criterion for NOA

[6, 12]. Therefore, we used FSH as an independent risk factor to

establish another diagnostic model (Model 3). The logistic

regression analysis results of the three models are shown in

Table 2, and their ROC curves are shown in Figure 1. The three

models were compared for accuracy, sensitivity, specificity, PPV,

NPV, and AUC (in Table 3), showing that the diagnosis accuracy

of Model 1 (90.4%) was higher than that of Models 2 (74.7%) and

3 (87.1%). The AUC of Model 1 (0.931) was significantly larger

than that of Model 2 (0.778, p < 0.01) and Model 3

(0.908, p < 0.01).

Model verification

We conducted a 5-fold cross-validation of Model 1 to verify

its generalization ability and evaluate the effectiveness of its

diagnostic performance (Figure 2). The results showed that

the training and validation sets had an accuracy of 88.0%.

Moreover, its sensitivity, specificity, and PPV were all above

80%; however, the NPV was slightly lower than in the other two

models. Notably, the AUCs of the training and validation sets

were 0.938 and 0.928, respectively, indicating that Model 1 could

accurately distinguish OA from NOA (Table 4; Figures 3A, B).

Discussion

This study screened clinical, hematological, and seminal

plasma parameters, hormone levels, and testicular volume in

patients with OA and NOA to construct diagnostic models. The

selected diagnostic model to distinguish OA from NOA included

semen volume, semen pH, SPNG, FSH, and testicular volume

(AUC of 0.931). We used cross-validation to confirm the clinical

diagnostic validity of this model.

TABLE 2 Three diagnostic model types to differentiate OA from NOA with their independent variables.

Model Variable B p-value OR (95% CI)

Model 1 Constant 15.131 0.000** 3726840.721

Semen volume −0.263 0.002** 0.769 (0.652–0.907)

Semen pH −1.090 0.003** 0.336 (0.164–0.690)

SPNG −0.015 0.002** 0.986 (0.977–0.994)

FSH −0.192 0.000** 0.826 (0.785–0.868)

Testicular size 0.000**

Testicular size (1) −4.362 0.017* 0.013 (0.000–0.457)

Testicular size (2) −2.918 0.116 0.054 (0.001–2.055)

Testicular size (3) −2.861 0.121 0.057 (0.002–2.138)

Model 2 Constant 3.091 0.000** 22.000

Testicular size 0.000**

Testicular size (1) −3.283 0.000** 0.038 (0.009–0.157)

Testicular size (2) −1.156 0.139 0.315 (0.068–1.456)

Testicular size (3) −0.779 0.303 0.459 (0.104–2.021)

Model 3 Constant 3.326 0.000** 27.814

FSH −0.308 0.000** 0.735 (0.699–0.773)

*p < 0.05, **p < 0.01. Note: The testicular size was used as an orderedmulti-categorical variable. It was assigned a value of 1 for bilateral small testes or cryptorchidism, 2 for unilateral small

testis or absence/cryptorchidism, 3 for bilateral normal testicular volume, and 4 for unilateral or bilateral large testicular volume.

OA, obstructive azoospermia; NOA, non-obstructive azoospermia; SPNG, seminal plasma neutral α-glucosidase activity; FSH, follicle-stimulating hormone; OR, odds ratio; CI, confidence

interval.

The bold values mean independent risk factors in each diagnostic model screened through the logistic regression analysis.
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FIGURE 1
Receiver operating characteristic (ROC) analysis of three diagnostic models. The purple line is the reference, the blue is Model 1, the green is
Model 2, and the yellow is Model 3.

TABLE 3 Efficacy evaluation of three diagnostic models for OA and NOA.

Models Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC

Model 1 90.4 96.4 76.1 90.6 89.8 0.931

Model 2 74.7 71.5 82.3 90.6 54.8 0.778

Model 3 87.1 96.8 64.1 86.5 89.3 0.908

OA, obstructive azoospermia; NOA, non-obstructive azoospermia; PPV, positive predictive value; NPV, negative predictive value; AUC, area under the receiver operating characteristic

curve.

FIGURE 2
(A) Confusion matrix for the training set. (B) Confusion matrix for the validation set. OA, obstructive azoospermia; NOA, non-obstructive
azoospermia.

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine06

Zhu et al. 10.3389/ebm.2024.10137

33

https://doi.org/10.3389/ebm.2024.10137


Routine hematological parameters are indispensable in

clinical disease screening as they reflect the basic physiological

and pathological conditions of the individual. In this study, only

the RBC, hemoglobin, and platelets differed significantly between

the OA and NOA groups. However, these parameters had an

insignificant effect on the diagnostic outcome in the logistic

TABLE 4 Internal 5-fold cross-validation results for Model 1.

Set Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC

Training 88.0 89.2 85.2 93.5 76.7 0.938

Validation 88.0 89.4 84.7 93.3 77.0 0.928

PPV, positive predictive value; NPV, negative predictive value; AUC, area under the receiver operating characteristic curve.

FIGURE 3
(A) Receiver operating characteristic (ROC) of the training set. (B) ROC of the validation set. The dotted line represents is the reference. AUC,
area under the ROC curve; CI, confidence interval.
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regression analysis, indicating that differentiation between the

two azoospermia types could not be performed accurately based

on routine blood tests. However, the construction of a diagnostic

model for OA and NOA was urgently needed to distinguish

between various azoospermia types.

The parameters included in the model (seminal plasma

parameters, hormone levels, and testicular volume) were

assessed in studies on azoospermia. Studies demonstrated that

the ejaculation volume of azoospermia patients with normal

sperm motility was significantly smaller than that of patients

with inactive spermatozoa [13]. Furthermore, serum levels of LH,

testosterone, FSH, progesterone, estradiol, and other hormones

affect spermatogenesis, especially FSH, which plays an important

role in Sertoli cells and has an important regulatory effect on

sperm formation [14]. A study by Muttukrishna et al. showed

that FSH could distinguish OA fromNOA, as it is usually normal

or slightly elevated in patients with OA and significantly elevated

in patients with NOA [15]. The testicular volume can be

measured by non-invasive ultrasonographic methods and is

closely related to testicular function [16, 17]. Our results were

consistent with a previous study that found that patients with

NOA had significantly smaller testicles than those in the OA and

healthy control groups [18]. Another research showed that

patients with severe testicular histopathology had higher

serum FSH levels and smaller testicles in a NOA population

[19]. The final diagnostic model that included 5 routine clinical

parameters was more reliable for differential diagnosis of

azoospermia than models based on a single factor (FSH or

testicular volume).

Several studies reported diagnostic models to tell OA and

NOA apart, using ultrasonography-derived testicular volume

alone or in combination with abnormal vas deferens, FSH, or

ultrasonography-related parameters. However, these studies

assessed relatively few subjects and did not conduct model

validation [7, 20–22]. Recent studies focused on omics methods

for disease biomarker screening, including studies that screened

potential biomarkers of NOA by transcriptome analysis of the

testicular tissue [23, 24]; similarly, some researchers used testicular

biopsy proteomic analysis to screen possible protein markers and

pathways that could distinguish OA from NOA. Ritesh et al.

screened seminal plasma mRNA to differentiate OA and NOA

[25]. These studies identified potential biomarkers for diagnosing

OA and NOA, but these biomarkers should be validated in an in-

depth clinical study. Furthermore, although testicular biopsy is the

gold standard for azoospermia diagnosis, it is not recommended as

a routine clinical diagnostic procedure due to its invasiveness and

the possibility of missing the spermatogenic regions [25, 26]. In

addition, testicular biopsy may be damaging to the few remaining

spermatogenesis sites in NOA patients and should be considered

only in cases where no other diagnostic modalities can be used to

obtain definitive results. At the same time, it should be carried out

in a professional reproductive laboratory, so that all extracted

active sperm can be cryopreserved in time. A multicenter study of

the developed diagnostic model is needed before applying it

clinically.

In conclusion, this study established and validated a 5-

parameter clinical diagnostic model to distinguish OA from

NOA using logistic regression analysis. The model included

semen volume, semen pH, SPNG, FSH, and testicular volume.

This model provides a new method to tell OA and NOA apart

and acts as a reference for instituting clinical treatment and other

potential clinical applications.
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in the Ethics Statement. The published certificate of approval number was mistakenly
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Number is “Si 563/2015”.
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In the published article, there was a mistake in Figure 6 and Figure 7 as published. In

the original published version, the authors incorrectly reversed the labeling of the
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Figure 6 and Figure 7 appears below.
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FIGURE 6
Effect of OVX and treatment using QR or ALN on the expression of NLRP3 pathway-related proteins as well as autophagy-related proteins. (A)
Grayscale values of protein strips; (B)Western blotting showed the expression of Beclin1, p62, and LC3II/I ratio; and (C)Western blotting showed the
expression of caspase-1, IL-18, IL-1β, and NLRP3. Data are expressed as mean (SD) of n = 6 from three independent experiments. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001 compared with SHAM group.#p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with OVX
group. ^p < 0.05 compared with OVX + QR group.
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FIGURE 7
(A) Western blotting showed the effect of QR and CQ on the expression of autophagy-related proteins and (B) Western blotting showed the
effect of QR and MCC950 on the expression of NLRP3 pathway-related proteins. Data are expressed as mean (SD) of n = 6 from three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with SHAM group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p <
0.0001 comparedwithOVX group.^̂p < 0.01,^̂̂p < 0.001 comparedwithOVX+QRgroup. +p < 0.05, +++p < 0.001 comparedwithOVX+CQgroup
or OVX + M group.
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Abstract

Liver fibrosis has become a serious public health problem that can develop into

liver cirrhosis and hepatocellular carcinoma and even lead to death. Cannabidiol

(CBD), which is an abundant nonpsychoactive component in the cannabis plant,

exerts cytoprotective effects in many diseases and under pathological

conditions. In our previous studies, CBD significantly attenuated liver injury

induced by chronic and binge alcohol in a mouse model and oxidative bursts in

human neutrophils. However, the effects of CBD on liver fibrosis and the

underlying mechanisms still need to be further explored. A mouse liver

fibrosis model was induced by carbon tetrachloride (CCl4) for 10 weeks and

used to explore the protective properties of CBD and related molecular

mechanisms. After the injection protocol, serum samples and livers were

used for molecular biology, biochemical and pathological analyses. The

results showed that CBD could effectively improve liver function and reduce

liver damage and liver fibrosis progression in mice; the expression levels of

transaminase and fibrotic markers were reduced, and histopathological

characteristics were improved. Moreover, CBD inhibited the levels of

inflammatory cytokines and reduced the protein expression levels of p-NF-

κB, NF-κB, p-IκBα, p-p38 MAPK, and COX-2 but increased the expression level

of PPAR-α. We found that CBD-mediated protection involves inhibiting NF-κB
and activating PPAR-α. In conclusion, these results suggest that the

hepatoprotective effects of CBD may be due to suppressing the

inflammatory response in CCl4-induced mice and that the NF-κB and PPAR-

α signaling pathways might be involved in this process.
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Impact statement

In this study, CBD had a hepatoprotective effect on CCl4-

induced liver fibrosis in mice by increasing antioxidant effects,

and its mechanism of action may be related to the regulation of

the NF-κB and PPAR-α signaling pathways. Therefore, CBD and

related compounds could represent novel pharmacological

agents to treat fibrosis.

Introduction

Liver fibrosis is mainly caused by the progression of various

chronic liver diseases. Worldwide, chronic liver diseases mainly

include alcoholic hepatitis, nonalcoholic steatohepatitis (NASH),

nonalcoholic fatty liver disease (NAFLD), viral hepatitis

[hepatitis B (HBV) and hepatitis C (HCV)] and cholestatic

liver disease [1–3]. In liver fibrosis, the most important

pathological change in the liver is the formation and

deposition of extracellular matrix (ECM) [4, 5]. The amount

of type I collagen (COL-I) deposition positively correlates with

the severity of fibrosis [6, 7]. The activation of hepatic stellate

cells (HSCs), which express alpha-smooth muscle actin (α-SMA)

and secrete and synthesize ECM and various autocrine or

paracrine cytokines, such as tumor necrosis factor-α (TNF-α),
interleukin 1β (IL-1β) and interleukin 6 (IL-6), is a crucial link in

the occurrence of liver fibrosis. Many intracellular signaling

pathways, including the transforming growth factor-β1 (TGF-

β1) [8–10] and nuclear factor kappa B (NF-κB) [11, 12]

pathways, are involved in HSC activation.

Hepatic injury involves stress signaling [e.g., mitogen-

activated protein kinase p38 (p38MAPK) and c-Jun

N-terminal kinase (JNK)] [13] and proinflammatory pathways

[e.g., NF-κB [14, 15] and cyclooxygenase-2 (COX2)] [16] in

various cell types, which in turn modulate important

inflammatory and cell death processes. NF-κB is a key

regulator that stimulates the expression of inflammatory

factors, chemokines and adhesion molecules and plays an

important role in cell growth, differentiation and apoptosis.

COX-2 is an important enzyme in the synthesis of

prostaglandins from arachidonic acid and plays a key role in

the inflammatory response [17]. The interaction of peroxidase

proliferator-activated receptor-α (PPAR-α) with other signaling

pathways can also regulate cellular redox status. For example,

PPAR-α activation can inhibit the transcription of NF-κB and

oxidative stress and reduce the release of inflammatory

cytokines [18].

Cannabidiol (CBD) is the main nonpsychoactive component

of the cannabis plant and has many beneficial pharmacological

effects, such as anti-inflammatory and antioxidant effects

[19–21]. Studies have shown that CBD can be used for

alcohol use disorder (AUD) and alcohol-related damage to the

brain and liver [22]; CBD can be used to treat conditions such as

colitis, arthritis and type 1 diabetes, alcohol-induced

lipodystrophy, or hypoxia-ischemia-induced brain damage [23,

24]; and CBD greatly alleviates liver inflammation, oxidative/

nitrative stress, and cell death and inhibits bacterial endotoxin-

induced NF-κB activation and TNF-α production in Kupffer cells
[25]. Currently, there are limited treatment options for liver

fibrosis, and it is of great clinical importance to identify drugs

that can prevent fibrosis progression or even reverse it. This study

examined the protective effect of CBD in CCl4-inducedmice with

liver fibrosis, which involved the NF-κB and PPAR-α signaling

pathways, and revealed its potential mechanism of action.

Materials and methods

Experimental reagents and equipments

The following reagents were used: CBD (Sigma,

United States); colchicine (Beyotime, China); CCl4 (Aladdin,

China); peanut oil (Yuanye, China); ELISA kits (Novus,

United States); hematoxylin and eosin (HE) and Masson assay

kits (Beyotime, China); aspartate aminotransferase (AST) and

hyaluronic acid (HA) kits (Nanjing Jiancheng Bioengineering

Institute, China); RIPA lysis buffer and a BCA kit (Solaibao,

China); COX-2, p-IκBα, and IκBα antibodies (Wanleibio, China);

p-NF-κB, NF-κB, p-p38 MAPK, and p-38 MAPK antibodies

(CST, United States); TGF-β1, α-SMA, COL-I, PPAR-α and

GAPDH antibodies (Abcam, United States); horseradish

peroxidase-labeled secondary antibodies (Bioprimacy, China);

chemiluminescence (ECL) color developing solution (Merck,

United States); an RNeasy mini kit (Axygen, United States); a

PrimeScript RT reagent kit with gDNA Eraser and SYBR Green

Master Mix (Takara, Japan); an automatic chemical analyzer

(Hitachi, Japan); and light microscopy (Nikon, Japan).

Experimental animals and treatments

Forty mice (C57BL/6J) were purchased from Guizhou

Medical University. All animal experiments were approved by

the Guizhou Medical University Animal Care Welfare

Committee. Male (6–8 weeks old) mice weighing

approximately 20 g were adapted to the animal environment,

and food and water were available randomly. One week later, the

mice were randomly divided into five groups with the following

injection for 10 weeks: (Ⅰ) In the control group, normal mice were

treated with a peanut oil solution twice weekly (n = 8). (Ⅱ) In the

CCl4 group, mice were intraperitoneally administered a 30%

CCl4 peanut solution (5 mL/kg) twice weekly (n = 8). (Ⅲ) In the

4 mg/kg CBD group, mice were administered 4 mg/kg CBD

intraperitoneally and the same CCl4 as the CCl4 group (n =

8). (Ⅳ) In the 8 mg/kg CBD group, mice were administered

8 mg/kg CBD intraperitoneally and the same CCl4 as the CCl4
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group (n = 8). (V) In the colchicine group, mice were

administered 0.2 mg/kg colchicine intraperitoneally and the

same CCl4 peanut solution as the CCl4 group (n = 8). Two

hours before each intraperitoneal injection of CCl4, the mice in

the CBD and colchicine groups were intraperitoneally injected

with the appropriate drug at the indicated dose (4, 8 mg/kg CBD,

0.2 mg/kg colchicine), and mice in the control group and model

group were injected with normal saline. All mice were euthanized

by anesthesia 24 h after the last administration, and blood and

liver tissues were collected for further examination. The left lobe

of the liver was quickly fixed in 4% paraformaldehyde, and the

remaining liver samples were collected, frozen in liquid nitrogen

and stored at −80°C.

Serum biochemical analysis

Serum was obtained by centrifuging (3,000 × g, 4°C, for

10 min) whole blood. AST and HA levels were determined using

a clinical chemical analyzer.

ELISA analysis of inflammatory cytokines

Liver tissues were promptly removed and washed in

precooled normal saline. Liver tissues (0.1 g) were completely

homogenized with cold saline (0.9 mL) by sonication on ice to

obtain 10% tissue homogenate, and the supernatant was obtained

by centrifugation. The Coomassie brilliant blue method was used

to measure the total protein content, and the level of IL-1β was

measured using the corresponding assay kit. Serum levels of IL-6

and TNF-α were measured by Valukine ELISA kits according to

the manufacturer’s instructions.

Examination of pathological changes

Fresh liver samples were fixed in 4% paraformaldehyde for

24 h and paraffin-embedded tissue sections (4 µm). The extent of

inflammation and cell necrosis in the liver was observed using

HE staining. Liver fibrosis was effectively and widely evaluated at

the histological level by staining collagen fibers with Masson’s

trichrome staining. The histological degree of liver fibrosis was

observed using light microscopy by a pathologist who was

blinded to this test.

Immunohistochemical staining

The sections were dewaxed, hydrated, boiled in citrate

buffer for 5 minutes, cooled to room temperature, and

washed three times in PBS buffer. Next, sections were

incubated in 3% H2O2 for 10 min to block endogenous

peroxidase activity and were blocked with 10% bovine serum

in a water bath at 37°C for 30 min to block nonspecific binding.

Immunohistochemistry was performed by incubating the

sections overnight at 4°C with primary antibodies (1/1000)

(α-SMA and COL- I) and rinsing the sections three times

with PBS. Biotinylated secondary antibodies were added

according to the kit instructions. The sections were

incubated with the DAB reagent for 3 min to develop the

color, and the sections were counterstained with Mayer’s

hematoxylin. Finally, the sections were dehydrated in

ethanol, cleared in xylene and sealed with neutral gum.

Specific primary antibodies were substituted with PBS or

nonimmune isotype-matched sera as the negative control.

Images were captured by light microscopy, five fields were

randomly selected, and the percentage of the area was

assessed by ImageJ.

Western blotting

The liver tissue was washed with precooled saline and then

dried with filter paper. Protein samples were obtained from liver

tissues in RIPA lysis solution with sonication on ice, and then the

protein concentration was determined by the BCA method. A

total of 30 µg of protein was used for western blot analysis.

Protein samples were separated by 10% SDS-PAGE and then

transferred to PVDF membranes. The PVDF membranes were

incubated with the appropriate primary antibodies (TGF-β1 1/

1000, α-SMA 1/10,000, COL-I 1/1000, p-NF-κB 1/500, NF-κB 1/

1000, p-p38 MAPK 1/1000, p38 MAPK 1/1000, p-IκBα 1/500,

IκBα1/500, COX-2 1/1000, PPAR-α 1/500, and GAPDH 1/

10,000) at 4°C overnight and then with the corresponding

horseradish peroxidase-conjugated secondary antibodies. Next,

the chromogenic solution was added dropwise, and the

corresponding protein bands were detected after exposure.

ImageJ software was used to measure the gray values of the bands.

Quantitative real-time polymerase chain
reaction (PCR)

Liver tissues (0.1 g) were homogenized, and mRNA was

isolated using the RNeasy mini kit following the

manufacturer’s instructions. Reverse transcription was

performed using the PrimeScript RT reagent kit with gDNA

Eraser and SYBR Green Master Mix. Real-time PCR was

performed for each sample using a Roche Real-Time PCR

System. Transcription specificity was confirmed by melting

curve profiles generated at the end of the PCR program. The

data are expressed as the expression of the target genes

normalized to the expression of GAPDH and were quantified

using the comparative cycle threshold Ct method (2−ΔΔCT)

(Table 1).
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Statistical analysis

Values are expressed as the mean ± standard deviation.

The statistical significance of differences was determined

using Student’s t-test (for two groups) or one-way ANOVA

(for more than two groups) followed by the LSD

multiple comparisons test. All analyses were performed

with PASW statistics 26 (SPSS). p < 0.05 was considered

significant.

Results

CBD treatment ameliorated liver damage

The levels of AST and HA are considered important markers

for evaluating liver function. We found that CCl4 significantly

increased the levels of AST and HA compared to those in the

control group; the administration of CCl4 to mice treated with

CBD and colchicine markedly reduced the levels of AST and HA.

However, no significantly different expression levels of AST and

HA were found after 4 mg/kg and 8 mg/kg CBD injection

(Figures 1A, B). Liver injury was assessed by HE staining. In

the liver tissue of the control group, liver cells were neatly

arranged and showed no necrosis, indicating normal liver

tissue structure. In the CCl4 group, hepatocyte disorder,

necrosis, swelling, and a large amount of inflammatory cell

infiltration indicated serious liver damage. Compared with the

CCl4 group, the CBD and colchicine groups had significantly

reduced liver damage, with only mild necrosis and a relatively

stable cell structure (Figure 1C). Masson staining showed that the

liver tissue of the control group exhibited a normal lobular

structure, the radial hepatic cords were neatly arranged, and

there was no collagen accumulation around the blood vessels; the

structure of the liver lobules in the CCl4 group was severely

damaged, a large amount of collagen was deposited, and pseudo

lobules had formed, indicating that the model of liver fibrosis was

successfully established; and in the CBD and colchicine groups,

the liver was not significantly damaged, the accumulation of

collagen was reduced, and the degree of fibrosis was significantly

improved compared with that in the CCl4 group. The histological

changes observed in both fibrosis models were significantly

attenuated by CBD (Figure 1D). The extent of the

improvement did not increase with the CBD dose. Combined

with the serological results, these data showed that CBD had

hepatoprotective effects on CCl4-induced mice.

CBD treatment attenuated CCl4-induced
liver fibrosis

In the liver tissue of the control group, α-SMA and COL-Ⅰ
were weakly expressed in the portal area and central vasculature

wall; in the CCl4 group, α-SMA, and COL-Ⅰ were widely

expressed, mainly distributed in the portal ducts of fibrous

tissue proliferation and the interarea interval, and diffuse

expression was also observed between the central vein and

hepatocytes; and the sites of α-SMA and COL-Ⅰ expression in

the CBD group and colchicine groups were the same as those in

the CCl4 group, but the areas were markedly reduced (Figures

2A, B). Positive area expression analysis also showed similar

decreases in α-SMA and COL-Ⅰ after CBD administration.

However, no significant differences in the expression of α-
SMA and COL-Ⅰ were found between 4 mg/kg and 8 mg/kg

CBD (Figures 2C, D).

CBD treatment alleviated the production
of inflammatory mediators

Inflammatory cytokines play a pivotal role in liver fibrosis.

The levels of the inflammatory markers IL-6, IL-1β, and TNF-

α in the different treatment groups were measured by ELISA.

CCl4 treatment markedly elevated the levels of serum IL-6 and

TNF-α and liver IL-1β compared with those in the control

group. Treatment with CBD significantly reversed the

increases in the expression of IL-6, IL-1β, and TNF-α, and
the same results were obtained after colchicine treatment

TABLE 1 Primer sequences for quantitative real-time polymerase chain reaction.

Gene Forward primer (59-39) Reverse primer (59-39)

GAPDH AAGAAGGTGGTGAAGCAGGCATC CGGCATCGAAGGTGGAAGAGTG

COL-Ⅰ ACGCCATCAAGGTCTACTGC ACTCGAACGGGAATCCATCG

α-SMA GCCATCTTTCATTGGGATGGA CCCCTGACAGGACGTTGTTA

TGF-β GCTGAACCAAGGAGACGGAA ATGTCATGGATGGTGCCCAG

IL-1β CTTCAGGCAGGCAGTATC CAGCAGGTTATCATCATCATC

IL-6 CCCCAATTTCCAATGCTCTCC CGCACTAGGTTTGCCGAGTA

TNF-α TCAGTTCCATGGCCCAGAC GTTGTCTTTGAGATCCATGCCATT
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(Figures 3A–C). Semiquantitative q-PCR analysis also showed

similar decreases in IL-6, IL-1β, and TNF-αmRNA expression

after CBD administration. The levels of the inflammatory

markers IL-6, IL-1β, and TNF-α were not significantly

different between 4 mg/kg and 8 mg/kg CBD (Figure 3D).

CBD treatment attenuated the expression
levels of TGF-β1, α-SMA, and COL-I

In response to CCl4, the expression levels of TGF-β1, α-SMA,

and COL-I in the liver in the CCl4 group increased significantly,

and these expression levels were effectively reduced by CBD

and colchicine (Figures 4A–D). The semiquantitative q-PCR

results showed increased expression of TGF-β1, α-SMA and

Col-Ⅰ in liver tissues in the CCl4 group compared with the

control group; compared with that in the CCl4 group, the

expression of TGF-β1, α-SMA and Col-Ⅰ markedly decreased

after treatment with CBD and colchicine (Figure 4E). The

western blot and Semiquantitative q-PCR results showed that

the expression levels of TGF-β1, α-SMA, and COL-I were

similar between 4 mg/kg and 8 mg/kg CBD. Importantly, the

results showed that CBD treatment attenuated CCl4-induced

liver fibrosis.

FIGURE 1
Effects of CBD treatment on liver function in mice with CCl4-induced liver fibrosis. (A,B) Serum AST and HA levels in the indicated groups. (C)
Representative HE staining of liver sections. (D) Fibrosis deposition was observed by Masson trichrome staining. The values represent the means ±
SEM (n = 8). *p < 0.05 vs. the control group, #p < 0.05 vs. the CCl4 group, as determined by one-way ANOVA, followed by the LSD multiple
comparisons test. (a) Control group; (b) CCl4 group; (c) 4 mg/kg CBD group; (d) 8 mg/kg CBD group; (e) 0.2 mg/kg colchicine group.
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CBD treatment protected the liver by
inhibiting the NF-κB pathway and
activating the PPAR-α pathway

To explore the potential mechanism of CBD mediated

protection, we measured the expression of NF-κB and PPAR-

α related proteins in liver tissues by western blotting. Compared

with those in the control group, the expression levels of p-NF-κB,
NF-κB, and COX-2 and the p-IκBα/IκBα and p-p38/p38 ratios in
the CCl4 group were significantly increased. Interestingly, CBD

and colchicine treatment reversed these alterations in liver

fibrosis, suggesting that the effect of CBD on CCl4-induced

inflammation was associated with inhibiting the activation of

the NF-κB pathway. In addition, PPAR-αwas highly expressed in
the control group, and the expression of PPAR-α in the liver was

significantly decreased in the CCl4 group compared with the

control group. CBD and colchicine treatment significantly

increased the expression of PPAR-α in the liver, indicating

that CBD may modulate PPAR-α signaling in mice with

CCl4-induced liver fibrosis (Figures 5A–H).

Discussion

Liver fibrosis is the pathological result of abnormal ECM

accumulation in the liver and is closely related to hepatic

FIGURE 2
Effects of CBD on α-SMA and COL-Ⅰ in mice with CCl4-induced liver fibrosis. (A,B) Representative immunohistochemical staining of α-SMA and
COL-Ⅰ. (C,D)Quantification of positive staining areas was performed by ImageJ software. The values represent themeans ± SEM (n = 8). *p < 0.05 vs.
the control group, #p < 0.05 vs. the CCl4 group, as determined by one-way ANOVA, followed by the LSD multiple comparisons test. (a) Control
group; (b) CCl4 group; (c) 4 mg/kg CBD group; (d) 8 mg/kg CBD group; (e) 0.2 mg/kg colchicine group.
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morbidity and mortality [26]. Some studies have shown that the

development of liver fibrosis can be prevented by experimental

clinical treatments, but many patients do not have good reactions

[27]. Therefore, there is an urgent need for new therapeutic

approaches to reverse fibrosis. CBD is one of the main

components extracted from cannabis, and its level is second

only to that of tetrahydrocannabinol (THC) [19]. In recent years,

the medicinal value of CBD has become increasingly apparent,

and long-term use has shown good tolerance and no side effects in

humans [28, 29]. CBD can regulate the immune system in different

tissues and reduce oxidative/nitrative stress [30], cell death and

inflammatory responses, such as IL-6, COX2, and NF-κB,
neutrophil infiltration, and stress signaling [31–33]. Researchers

have found that CBD has some important effects on the central

nervous system, including antipsychotic, antianxiety, antiepileptic,

and analgesic effects [34]. In addition, CBD also has complex

immune regulation, anti-inflammatory and antioxidant effects

[35]. Studies have reported that CBD can induce apoptosis of

thymus cells and spleen cells, inhibit the proliferation of T cells

and macrophages, and have certain therapeutic effects on

autoimmune diseases [36, 37]. CBD can inhibit T-cell-mediated

chronic autoimmune myocarditis and myocardial reconstruction/

fibrosis and improve myocardial dysfunction [38]. CBD induces

functional Treg cells to induce immunosuppression under low-level

T-cell stimulation [39]. CBD is used to treat brain damage caused by

colitis, diabetic complications, drug-induced nephrotoxicity, alcohol

fat deposition or hypoxic-ischemia [40–42]. Treatment of mice with

cannabidiol markedly attenuated the cisplatin-induced oxidative/

nitrosative stress, inflammation, and cell death in the kidney, and it

improved renal function [43]. In the prevention and treatment of

skin and liver fibrosis, CBD inhibited collagen gene transcription

and synthesis and prevented TGF-β and IL-4 induced fibroblast

migration [44]. CBD treatment decreases the inflammatory and

remodelling processes in a murine model of ovalbumin induced

allergic asthma [45]. Previous studies have examined whether CBD

has a protective effect on alcoholic fatty liver disease [46], but its

effect on fibrosis and the detailed mechanisms in the context of

inflammation remain unclear. We analyzed the effects of CBD on

CCl4-induced liver inflammation and collagen deposition using a

well-established model that is very similar to human liver fibrosis

[47, 48]. Colchicine, which is an alkaloid agent that is generally used

to treat acute gout in the clinic, was used as the positive control for its

effects on improving liver fibrosis and ameliorating liver function

[49]. In this study, the CCl4-inducedmousemodel was used to study

the intervention effect of CBD on liver fibrosis and to explore

whether its potential mechanism is related to the inhibition of NF-

κB and activation of the PPAR-α signaling pathway and anti-

inflammatory and antioxidant stress damage.

Increasingly, we found that CCl4-induced liver fibrosis resulted

in significant weight loss, increased liver weight, and increased

serum AST and HA levels. Pathological analysis of liver tissue in

the CCl4 group showed massive liver cell necrosis, diffuse

FIGURE 3
Effects of CBD on inflammatory cytokines inmicewith CCl4-induced liver fibrosis. (A–C) Serum levels of IL-6 and TNF-α and liver levels of IL-1β.
(D) The mRNA levels of IL-6, IL-1β and TNF-α were measured by q-PCR. The values represent the means ± SEM (n = 8). *p < 0.05 vs. the control
group, #p < 0.05 vs. the CCl4 group, as determined by one-way ANOVA, followed by the LSD multiple comparisons test.
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inflammatory cells and high levels of collagen, indicating that CCl4
caused severe liver damage. This study showed that CBD reduced

the levels of AST andHA and reduced inflammatory infiltration and

collagen deposition in liver tissues, indicating that CBD significantly

alleviates CCl4-induced liver fibrosis, but there were similar effects

between 4 mg/kg and 8 mg/kg CBD.

TGF-β1 is an essential cytokine that regulates the production,

degradation and accumulation of ECM and plays a significant role

in the activation of HSCs. In normal liver tissue, the expression of

TGF-β1 in the liver is reduced. However, when liver injury occurs,

HSCs, Kupffer cells (KCs) and other related cells produce large

amounts of TGF-β1, which activates HSCs to formmyofibroblasts,

promotes the production of ECM and inhibits matrix degradation,

resulting in the accumulation of scar matrix and liver fibrosis [50,

51]. Activated HSCs secrete large amounts of fibrillar collagens,

mainly in the form of α-SMA and COL-I [52, 53], and the

expression of the COL-I gene could indicate the synthesis of

collagen. CBD inhibited the gene and protein expression of

COL-I, α-SMA and TGF-β1. However, within the CBD

concentration range set by the experiment, there was no

statistically significant difference between the 4 mg/kg and

8 mg/kg CBD groups in various detection results. These results

indicated that CBD inhibited collagen formation to prevent liver

fibrosis, and further research is needed to determine the signaling

pathways that mediate this protective effect on the liver.

Inflammation is closely related to the development of CCl4-

induced liver fibrosis. IL-1β is one of the main factors inducing

fibrosis, which promotes the aggregation of fibroblasts and

inflammatory cells, as well as collagen and fibrin synthesis,

which further leads to ECM deposition. We examined a series

of inflammatory genes, including IL-6, IL-1β, and TNF-α, and
found that CCl4 enhanced the expression of IL-6, IL-1β, and
TNF-α. CBD blocked the inflammatory response in mouse liver

tissue, which supported the anti-inflammatory effect of CBD, and

FIGURE 4
Effects of CBD on TGF-β1, α-SMA, and COL- I in mice with CCl4-induced liver fibrosis. (A) The effects of CBD on the protein expression of TGF-
β1, α-SMA, andCOL- I weremeasured bywestern blotting. (B–D) ImageJ software was used tomeasure the grey values of the bands. (E) The effect of
CBD on the mRNA expression of TGF-β1, α-SMA, and COL- I was determined by q-PCR. The values represent the means ± SEM (n = 8). *p < 0.05 vs.
the control group, #p < 0.05 vs. the CCl4 group, as determined by one-way ANOVA, followed by the LSD multiple comparisons test.
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FIGURE 5
Effects of CBD on NF-κB- and PPAR-α-related proteins in mice with CCl4-induced liver fibrosis. (A,B) The effects of CBD on the protein
expression levels of NF-κB, p-NF-κB, p-IκBα, IκBα, p-p38 MAPK, p38 MAPK, COX-2, and PPAR-αwere measured by western blotting. (C–H) ImageJ
software was used to measure the grey values of the bands. The values represent the means ± SEM (n = 8). *p < 0.05 vs. the control group, #p < 0.05
vs. the CCl4 group, as determined by one-way ANOVA, followed by the LSD multiple comparisons test.
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the underlying mechanism may be associated with the inhibition

of inflammatory signaling pathways.

NF-κB is an important nuclear transcription factor in the cell

that participates in inflammatory and immune responses and can

regulate cell apoptosis and the stress response [54, 55]. The

phosphorylation of NF-κB inhibitory protein (IκB) enhanced

the activity of NF-κB, promoted the nuclear transport of the

NF-κB subunit, and triggered the transcription of downstream

inflammatory genes, such as TNF-α, IL-6, and IL-1β. According to
reports, activation of the NF-κB pathway can enhance the

inflammatory response and EMT in liver cells. In the present

study, we observed increased protein expression levels of total

p-NF-κB, NF-κB, p-IκBα/IκBα, and downstream TNF-α, IL-6, and
IL-1β in CCl4-induced mice. CBD treatment inhibited the

activation of NF-κB signaling and the increases in these

inflammatory cytokines, suggesting that CBD may inhibit NF-

κB signaling and reduce the inflammatory response [56].

p38 MAPK mitogen-activated protein kinase belongs to the

family of mitogen-activated protein kinases (MAPKs), which

regulate the cell cycle, inflammation, growth, apoptosis,

differentiation and other physiological processes. p38 MAPK

can be phosphorylated by many extracellular agonists through

the canonical MAPK pathway, and p-p38 MAPK can further

regulate many substrates, such as transcription factors and PPARs

[57]. PPAR belongs to the hormone nuclear receptor superfamily

and consists of three subtypes (PPAR-α, PPAR-β/δ, and PPAR-γ)
[58–60]. PPAR-α has important functions in regulating cells and is

involved in cell proliferation, differentiation, oxidative/nitrification

stress, inflammation and immune response. PPAR-α has been

reported to reverse fibrosis by reducing lipid peroxidation and

inhibiting activation of HSCs and KCs [61, 62]. Furthermore,

studies have shown that inhibiting p-p38 MAPK increased PPAR-

α expression to protect the liver against concanavalin A-induced

injury [57].We examined the expression of COX-2, p-p38/p38 and

PPAR-α and demonstrated that CBD treatment reduced COX-2

expression, inhibited p-p38 MAPK, activated the PPAR-α
signaling pathway, and protected the liver from fibrosis. These

findings suggest that CBD can protect against liver fibrosis by

activating the PPAR-α signaling pathway, and this study may

make great progress in the treatment of chronic liver fibrosis.

In summary, we have shown that intraperitoneal injection of

CBD exerts potent anti-inflammatory and antifibrotic activities

in vivo. Moreover, we found that the first time CBD efficacy in

reducing CCl4-induced hepatic fibrosis by multiple mechanisms.

These mechanisms may involve inhibition of NF-κB, activation
of the PPAR-α pathway, and inhibition of oxidative stress. Based

on these findings, CBD has the potential to be further developed

as a treatment for hepatic fibrosis, especially as a combination

therapy with the currently available therapies.
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Abstract

Environmental air pollution is a global health concern, associated with multiple

respiratory and systemic diseases. Epidemiological supports continued

urbanization and industrialization increasing the prevalence of inhalation

exposures. Exposure to these inhaled pollutants induces toxicity via activation

of numerous cellular mechanisms including oxidative stress, autophagy,

disrupted cellular metabolism, inflammation, tumorigenesis, and others

contributing to disease development. The mechanistic target of rapamycin

(mTOR) is a key regulator involved in various cellular processes related to the

modulation of metabolism and maintenance of homeostasis. Dysregulation of

mTOR occurs following inhalation exposures and has also been implicated in

many diseases such as cancer, obesity, cardiovascular disease, diabetes, asthma,

and neurodegeneration. Moreover, mTOR plays a fundamental role in protein

transcription and translation involved in many inflammatory and autoimmune

diseases. It is necessary to understand inhalation exposure-induced

dysregulation of mTOR since it is key regulator which may contribute to

numerous disease processes. This mini review evaluates the available

literature regarding several types of inhalation exposure and their impacts on

mTOR signaling. Particularly we focus on the mTOR signaling pathway related

outcomes of autophagy, lipid metabolism, and inflammation. Furthermore, we

will examine the implications of dysregulated mTOR pathway in exposure-

induced diseases. Throughout this mini review, current gaps will be identified

related to exposure-induced mTOR dysregulation which may enable the

targeting of mTOR signaling for the development of therapeutics.

KEYWORDS

mTOR, inhalation toxicology, lung disease, autophagy, lipid homeostasis, metabolism,
inflammation

Impact statement

mTOR is a key regulator of numerous cellular processes often disrupted in

numerous disease scenarios. Inhalation exposures are prevalent in environmental

and occupational settings and contribute to both pulmonary and systemic diseases.

Inhalation exposure-induced toxicity and diseases are associated with outcomes of
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mTOR dysregulation including autophagy, lipid metabolism,

and inflammation. This minireview uniquely summarizes and

integrates our current knowledge associated with inhalation

exposure-indued dysregulation of mTOR contributing to

toxicity and disease. This perspective is impactful as it

highlights a complex and primary mediator to numerous

disease processes contributing to human health risks

associated with inhalation exposures. Further, a thorough

understanding of mTOR-mediated mechanisms of toxicity

and disease are necessary for the development of

therapeutic strategies. Due to mTOR’s numerous cellular

regulatory functions these strategies could be applied

broadly to multiple exposures and disease scenarios.

Introduction

Inhalation exposures are a significant global health

concern associated with a variety of pulmonary and

systemic diseases. Diseases associated with inhalation

exposures include asthma, chronic obstructive pulmonary

disease (COPD), pulmonary fibrosis, cancer, cardiovascular

disease, and others [1]. Inhalation of environmental air

pollution is associated with the induction of cellular

responses including, oxidative stress, altered metabolism,

autophagy, cell death and others. These cellular toxicity

mechanisms contribute to disease development and

progression [2]. For example, tobacco smoke exposure can

result in development of COPD which is a complex lung

disease involving destruction of the lung epithelium,

bronchial inflammation, and fibrinogenesis. Individuals

with COPD have demonstrated increased expression of

microtubule-associated protein 1A/1B-light chain 3 (LC3)

protein, a marker of autophagosome formation in lungs of

COPD patients, suggesting of induction of autophagy [3].

Elucidation of molecular signaling mediating toxicity

following inhalation exposures is necessary to develop

interventional strategies to address health outcomes [4].

Mechanistic target of rapamycin (mTOR) represents a key

regulator of multiple cellular processes, many of which are

dysregulated following inhalation exposures which may

contribute to the progression of disease. Specifically,

mTOR regulates cell proliferation and survival,

metabolism, autophagy, inflammation, oxidative stress, and

DNA damage repair. Dysregulation of mTOR has been

associated with numerous diseases including cancer,

fibrosis, COPD, cardiovascular disease, autoimmune

diseases, and metabolic disease [5, 6]. In this mini review

we will assess the current literature regarding mTOR

dysregulation associated with inhalation exposures and its

contribution to toxicity and disease development.

Additionally, we will highlight current knowledge gaps as

well as the potential to target mTOR-mediated mechanisms

for therapeutic strategies.

mTOR complexes

The discovery of rapamycin, a secondary metabolite

originally observed to be produced by bacterium, led to a

search for its cellular target, known as target of rapamycin

(TOR) [7]. Several independent studies in 1994 led to the

discovery the mammalian homologue of TOR or the mTOR

[8]. mTOR is a 289-kDa serine/threonine kinase belonging to the

phosphoinositide 3-kinases (PI3K)-related kinase family which is

highly conserved across species. mTOR mediates cellular growth

and proliferation via governing of intracellular adenosine

triphosphate (ATP) levels based on extracellular nutrients.

Further, it is involved in various cellular processes such as cell

growth, survival, autophagy, and metabolism. These functions

are mediated by two complexes mTOR complex 1 (mTORC1)

and mTOR complex 2 (mTORC2) [5]. The upstream signaling

resulting in formation of mTORC1 and mTORC2 as well as their

distinct downstream signaling regulating cellular processes have

previously been thoroughly reviewed elsewhere and are

summarized in Figure 1 [8–14].

mTORC1 consists of the core subunits of 1) mTOR, 2)

regulatory-associated protein of mTOR (Raptor), and 3)

mammalian lethal with SEC13 protein 8 (mLST8) [15]

(Figure 1). mTORC1 regulates biosynthesis of protein,

lipids, and nucleic acids via transcriptional, translational,

and post-translational mechanisms with the involvement of

its substrate ribosomal protein S6 kinase (rpS6K) and

eukaryotic translation initiation factor (elF) 4E–binding

protein (4E-BP) [15]. It is also involved in ATP production

via reducing NADPH and certain macromolecule precursors

involved in biosynthesis [15]. Rapamycin and its related

compounds, called rapalogs, are recognized as allosteric

inhibitors of mTORC1. These include two endogenous

inhibitors, DEP domain-containing mTOR-interacting

protein (DEPTOR) and 40kDa Proline-rich Akt substrate

(PRAS40). Rapamycin and other rapalogs primarily target

mTORC1 making them useful in specifically regulating

mTORC1 and its associated signaling enabling mechanistic

investigations of mTORC1 signaling in laboratory settings.

mTORC2 consists of mTOR, DEPTOR, and mLST8, along

with unique components Rapamycin-insensitive companion of

mTOR (Rictor), protein-binding Rictor (Protor) and stress-

activated protein kinase-interacting protein 1 (Sin1). Rictor’s

primary function is the recruitment of substrates.

mTORC2 does not bind Rapamycin nor impact S6K1. Thus,

Raptor (mTORC1 subunit) and Rictor (mTORC2 subunit)

independently associate with mTOR resulting in differential

signaling outcomes and are utilized to define the complexes.
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Inhalation exposure modified mTOR
signaling contributing to disease
via autophagy

Several inhalation exposures target the mTOR pathway,

disrupting normal cellular and molecular pathways [6]

(Figure 2). These exposures include commonly inhaled

exposures including ambient particulate matter, engineered

nanoparticles (NPs), anesthetics and therapeutics, and

cigarette smoke. Autophagy, a cellular degradation pathway

directs cells to maintain their homeostatic function such as

protein turnover. Autophagy is a cellular adaptive defense

mechanism and occurs in stressful environments such as

during low nutrient situations, high energy demands,

FIGURE 1
Illustration depicting the formation of the two mechanistic target of rapamycin (mTOR) complexes, mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2). Briefly, growth factors activate, phosphoinositide 3-kinase (PI3K) signaling via production of phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) from phosphatidylinositol bisphosphate (PIP2) and phosphatase and tensin homolog (PTEN). PIP3 directly activates
mTORC2 and indirectly mTORC1 via Akt (protein kinase B) activation and inhibition of tuberous sclerosis ½ (TSC ½) followed by Ras homolog
enriched in brain (Rheb). ThemTORC1 complex is composed of the rapamycin-sensitive adapter protein of mTOR (Raptor); DEP domain-containing
mTOR-interacting protein (Deptor); proline-rich AKT substrate of 40KD (PRAS40); mTOR associated protein, and LST8 homolog (mLST8).
mTORC1 signals for protein synthesis via Eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1); autophagy via UNC51-like kinase 1
(ULK1); lipid metabolism regulation via Peroxisome proliferator-activated receptor gamma (PPAR-γ); and growth via ribosomal protein S6 kinase
beta-1 (S6K1). mTORC2 complex is composed of the rapamycin-insensitive companion of mTOR (Rictor); Deptor; mLST8; proline-rich protein 5
(Protor-1); and stress-activated map kinase interacting protein 1 (mSin1). mTORC2 signals for cell survival via phosphorylation of protein kinase B at
serine 473 (AKTSER473) and cytoskeletal organization via protein kinase C (PKC).
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infection, following organelle damage, etc. In general, the

autophagic process involves formation of autophagosome that

fuses with lysosome resulting in formation of autolysosome that

is responsible for breakdown and recycling of sequestered

cytosolic material. In mammalian cells, the conversion of

LC3B protein from its free form, LC3B-I to the

phosphatidylethanolamine-conjugated form, LC3B-II, is an

important hallmark in monitoring the autophagic flux [16,17].

mTOR is one of the primary regulators of autophagy, which

activates in nutrient rich environments, thereby inhibiting

autophagy but inhibited mTOR activates the autophagic

process. Different forms of illness such as cancer,

neurodegenerative disorders, cardiovascular diseases, diabetes

are associated with dysregulated mTOR signaling due to

imbalance of nutrient and energy demands, therefore,

suggesting malfunctioned autophagy [18–23]. Further, many

inhalation exposures result in the dysregulation of mTOR

signaling and may contribute to disease via autophagy.

Respiratory implications

Exhaust fumes from automobiles, emissions from industries

and refineries including power generating stations are major

sources of outdoor pollution. In contrast, cooking, burning fuel,

dry cleaning, and domestic heating activities contribute as indoor

sources of pollution. The mixture of particulate matter (PM) and

gases are inhaled and penetrated into lungs, leading to

pulmonary and systemic health effects [24]. In healthy lung

tissue, mTORC1 is basally activated and the autophagy-related

protein LC3 II is suppressed, maintaining cell homeostasis, and

protecting cell damage from stress. However, lung injury

following exposures can result in the inhibition of

mTORC1 causing the upregulation of LC3 II, leading to

development of pulmonary disease. Intratracheal instillation of

PM with a diameter of less than 2.5 microns (PM2.5) in mice

lungs induces pulmonary damage with vascular

hyperpermeability and inflammatory responses.

FIGURE 2
Summary of Inhalation-induced mechanisms by which various exposures cause dysregulation of mTORC1 and respective outcomes of cell
death. Air pollution (especially PM2.5) inhibits p-PI3K, p-AKT, p-mTOR levels thereby activating autophagic cell death mechanism. Engineered
nanoparticles (e.g., SiO2) decrease p-mTOR and p62 levels leading to autophagy. Cigarette smoke also reduces the levels of p-mTOR, decreasing
p-TEFB, causing secretion of cathepsin S that impairs the integrity of lung epithelium and induction of inflammatory lung diseases. p-TEFB also
acts as central regulator of autophagy and activates the pathway on mTOR dysregulation. Anesthetics (e.g., sevoflurane) activates autophagy via
increase in PTEN/AKT/PI3K pathway. Solid black arrows—downstream signaling; Solid lines with end—inhibitory signal; Dotted black
arrows—activates the pathway on mTOR inhibition/decrease; Solid Red line with end—Decrease in levels/inhibition of p-mTOR by exposures; Solid
Green arrow—Activation of pathway.
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Mechanistically, PM2.5 upregulates Toll-like receptor (TLR)

expression, releasing inflammatory cytokines. Additionally,

PM2.5 inhibits mTOR signaling pathway, decreasing the levels

of phosphorylated mTOR, Protein kinase B (Akt), and PI3K [25],

worsening the lung injury. Consequently, the study reported a

strong connection of complex signaling network between TLR,

one of the sensors for autophagy and mTOR, also involved in

lung inflammation [25, 26]. These findings suggest disruption of

mTOR signaling contributes to PM-induced lung damage.

The fundamental insights of risk factors such as lack of

physical activity, high calorie intake and high glycemic index

have been well known for decades. However, a strong link

between environmental factors in air and predisposition of

diabetes mellitus has been growing recently. Moreover,

extensive data from high fat diet induced murine model and

humans suggests ambient air pollution with PM2.5 exposure is

critically associated with pathophysiological disturbances in

metabolic disease conditions [27]. Autophagy serves as a

protective mechanism in pancreatic B cell survival. Chronic

activation of mTORC1 inhibits the autophagy and facilitates

the progression of type 2 diabetes mellitus and insulin resistance

[28–30]. Activated mTOR stimulates S6K1 to inhibit insulin

receptor substrate-1 (IRS1), affecting the insulin pathway,

causing insulin resistance [31–33]. mTOR also mediates

lipogenesis and formation of adipose tissue. Role of S6K1 has

been investigated in diet-induced obesity mice model, which

suggested mice lacking S6K1 are protected against obesity [34].

In addition, the study suggests exposure to PM2.5 exacerbates a

key defect in insulin signaling via alterations in PI3K/AKT

pathway increasing inflammation at adipose tissue

macrophages [27]. Prospectively, abnormalities in PI3K/AKT

pathway can be suggestive of cascade activation of mTOR

implicating its potential in exaggerating inflammatory

response in metabolic disease.

Metal nanoparticles have a wide range of applications from

medicine to consumer products and incorporation into industrial

processes. With potential manufacturing and widespread use of

nanotechnology, exposure to engineered nanoparticles has also

increased among consumers and manufacturers. Exposure to

nanoparticles composed of metals and metal oxides have

potential for adverse environmental and health effects [35].

Inhalation is the primary route of nanoparticle exposure in

environmental and occupational settings, resulting in

pulmonary damage leading to lung injury and development of

respiratory diseases [36]. Several studies have reported

autophagy is a consequence of metal nanoparticle exposure

contributing to toxicity [37–41]. In particular, mesoporous

silica nanoparticles induce autophagy in human bronchial

epithelial cells (BEAS-2B) via mTOR inhibition, in a dose-

dependent manner [42]. Specifically, mesoporous silica

nanoparticle exposure resulted in decreased phosphorylation

of mTOR and p62 levels, suggesting induction of autophagy,

which was further confirmed in mouse lungs exposed to

mesoporous silica nanoparticles via intratracheal instillation

[42]. This silica-induced autophagy leads to macrophage

activation, stimulating lung fibroblasts activity and progression

of silicosis (pulmonary fibrosis) [43]. Overall, nanoparticle

inhalation exposure may cause dysregulation of mTOR

signaling inducing autophagy, potentially contributing to

pulmonary damage and other respiratory health concerns.

Neurological implications

Air pollution and nanoparticle exposures have the potential

to induce neurotoxicity via direct interactions following

transport from the lung to the brain or indirectly via

secondary mechanisms. In particular, nanomaterials have

applications in medicine as drug delivery systems due to their

ability to increase drug bioavailability. However, some

nanomaterials have the ability to produce reactive oxygen

species (ROS), inducing oxidative stress leading to detrimental

effects on the brain. ROS are produced in response to xenobiotics

and environmental stressors and as a by-product of oxygen

metabolism. An imbalance in production and removal of

these ROS by biological system is termed as oxidative stress.

This highly reactive oxygen containing species induces

mitochondrial dysfunction and stimulates various signaling

proteins kinases. These oxidative damage conditions can

initiate autophagosome formation inducing autophagy [44,

45]. In biological system, NPs tends to form protein-NP

corona depending on protein affinity and NPs characteristics.

Additionally, NPs functions as molecular chaperon to carry out

protein folding, stabilization and protein aggregates. However,

alterations in formation of stable corona and high protein

concentration can result in accumulation of protein aggregates

[46]. Autophagy is crucial in clearing toxic intracellular proteins

and aggregates [amyloid-β (Aβ), mutant huntingtin, α-synuclein,
and, phosphor-tau] which contribute to neurodegenerative

diseases [47, 48]. Glycogen synthase kinase-3 beta (GSK3β),
the main kinase that phosphorylates tau protein, is a

component of the PI3K/AKT/mTOR signaling pathway,

Increased expression of GSK3β can lead to

hyperphosphorylation of tau protein via activation of mTOR,

resulting in its aggregation and the formation of neurofibrillary

tangles, which are a major neuropathological feature of

Alzheimer’s disease [49–52]. Furthermore, it has been

evidently reported that air pollution with PM0.1 triggers the

development of central nervous system disorders such as

Alzheimer’s, Parkinson’s and stroke. An investigation on

exposure of PM0.1 composed of aluminum emphasized the

generation of ROS with association of autophagosome and

oxidative DNA damage in neuronal cells. Interestingly,

nanoparticles are proposed to cause autophagy by oxidative

stress mechanism resulting in mitochondrial damage and

accumulation of proteins. Hence, the likelihood of PM0.1
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exposure generating ROS that can induce autophagy

contributing to neuronal damage and development of

neurodegenerative diseases should not be disregarded [46].

Modern general anesthesia methods ensure the safety of

numerous surgeries each year [53]. In clinical settings, the

most utilized inhalational anesthetics are isoflurane,

sevoflurane, and desflurane. Research on the safety of these

anesthetics has indicated they can have both beneficial and

harmful impacts on various organs, including the lungs,

trachea, diaphragm muscle, liver, and kidneys [54]. Further,

the use of anesthetic agents could potentially cause harm to

the development of neurocognition, particularly during early

childhood. Sevoflurane is a widely and popularly used inhalation

anesthetic in children. It has been proposed that infant exposure

to sevoflurane and isoflurane are associated with long-term loss

of cognitive functions and neurobehavioral changes [55–57].

Autophagy is crucial for normal brain development since it is

involved in nutritional supplementation during the prenatal

period [58, 59]. Interfering with autophagy can disturb the

proper coordination of cell growth, specialization, and

programmed cell death that are required for developing the

intricate structure of the nervous system [59]. This

dysregulated autophagy was substantially studied in pregnant

rats exposed to sevoflurane. It was determined inhalation of

sevoflurane upregulated autophagy via the PTEN/Akt/mTOR

pathway in fetus brains [58]. Further, phosphatase and tensin

homolog on chromosome 10 (PTEN), is abundantly expressed in

embryonic central nervous system and affects brain

development. In mammalian cells, PTEN can modulate

autophagy by counteracting PI3K via its lipid phosphatase

function. Specifically, compared to the control group, the

administration of sevoflurane resulted in a noteworthy

increase of PTEN expression and a decrease in the levels of

p-Akt/Akt andmTOR in fetal brains. This suggests the combined

involvement of PTEN/Akt/mTOR signaling in activating

autophagy in sevoflurane-induced neurotoxicity [58]. Broadly,

these results suggest systemic effects following inhalation

exposures could be mediated by variations in mTOR signaling.

Inhalation exposure modified mTOR
signaling contributing to disease via
lipid Metabolism and inflammation

mTOR, a primary regulator of cellular growth and

development, also has key translational and/or transcriptional

roles in inflammation with implications in atherosclerosis and

other inflammatory diseases [60]. Pulmonary epithelial cells are

primary target for exogenous irritants and act as a first line

defense to protect against the inhaled particulates of air including

pollutants, pathogens, allergens, etc. When exposed to foreign

substances these epithelial cells not only restrict the systemic

entry but also can activate the immune response [61]. mTOR

activity is an important intracellular regulator of leptin-induced

macrophage lipid metabolism. Leptin, a hormone/cytokine

secreted by adipocytes, modulates appetite control, and

regulates energy metabolism via interactions with the

hypothalamus. Interestingly leptin is directly involved in the

formation of lipid droplets via activation of epithelial cells. Leptin

directly exaggerates the production of inflammatory mediators

such as leukotriene B4 via activation of the mTOR pathway.

Specifically, in macrophages, leptin activates PI3K/mTOR

pathway, resulting in formation of lipid droplets, which are

otherwise inhibited by rapamycin treatment

(mTORC1 inhibitor). Lipid droplets are sites where lipid

metabolism enzymes such prostaglandin-endoperoxide

synthase 2 (PTGS2, also known as cyclooxygenase 2 or COX-

2) involved in production of prostaglandins are located. Hence

the formation of lipid droplets demonstrated increased

expression of COX-2 and phospholipase A2 protein expression

suggesting of pro-inflammatory response [62]. Moreover,

exposure to PM2.5 increases the adipose tissue macrophages

which parallelly increases the visceral adipose tissue content

and size, secreting more proinflammatory substances, causing

inflammation [63]. Mechanistically, the findings confirm that

increases in visceral fat causes dysregulation in PI3K/Akt/

endothelial NO synthase signaling, causing inflammation and

insulin resistance [27]. Overall, one could conclude, mTOR

mediates metabolic syndrome and obesity-induced

inflammation that is exaggerated by inhalation exposure.

Pulmonary outcomes

It is widely acknowledged that cigarette smoking is the

primary contributor to the development of lung cancer due to

the strong correlation between the quantity of cigarettes

consumed and the likelihood of developing the disease. The

main cause of COPD is the inhalation of chemicals and oxidants

present in cigarette smoke (CS), in addition to being exposed to

dust, industrial, or household particles [64, 65]. COPD is marked

by a cumulative and complete blockage of the airways (known as

chronic bronchitis), damage to the alveolar walls (emphysema),

and excess mucus production [66]. Cysteine cathepsins are

important in lung homeostasis and their dysregulation plays a

key role in lung injury and inflammation via degrading

antimicrobial peptides and extracellular matrix components.

Murine experimental emphysema reported to have increased

levels of cathepsin S, which is a potent elastase involved in

alveolar remodeling [67–69]. Specifically, nicotine-containing

cigarette smoke extract (CSE) upregulates cathepsin

expression in human macrophages via mTOR pathway,

modulating epithelial integrity and enhancing its permeability

in COPD. This was confirmed when macrophages exposed to

nicotine-containing CSE and nicotine alone demonstrated

similar fold increase in cathepsin upregulation suggesting
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nicotine to be driving factor of responses [64]. Furthermore, the

signaling pathway was confirmed with treatment of rapamycin, a

known mTOR inhibitor, which demonstrated increase in

immunoreactive and mature cathepsin and decrease in

phosphorylated transcription factor EB (TFEB), a central

regulator of autophagy/lysosomal biogenesis [70].

Consequently, dysregulation of mTOR signaling contributes to

CS-associated induction of pulmonary inflammation and disease.

Cancer

Prevalently, 90% of lungs cancer diagnosis is associated with

the use of tobacco. Tobacco smoke contains numerous

components including aromatic amines and polychromatic

hydrocarbons that promote carcinogenesis. Additionally, these

components, especially nicotine and nitrosamine 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) produce

active metabolites that promote DNA adduct formation. The

carcinogenic effects of tobacco components involve activation of

multiple signaling pathways that regulate cell cycle and

proliferation. Of them, Akt/mTOR pathway is critically

involved cell growth, metabolism, and survival. Abnormal and

excessive mTOR activation promotes tumor growth, metastasis,

and angiogenesis, a process that supplies carcinoma cells with

oxygen and nutrients. Particularly, tobacco components damages

DNA by activating Akt pathway and modulates PI3K, upstream

regulator of Akt [71]. Experimentally, immunohistochemistry

and immunoblotting on lung tissues of NNK-treated A/J mice

reveals presence of phosphorylated Akt in airway epithelial cells

and 5.5-fold increase in ratio of phosphorylated Akt to total Akt

compared to phosphate buffered saline (PBS) control mice,

respectively [72]. Similarly, in vitro studies on nicotine or

NNK treated non-small cell lung cancer cells reports to

increase phosphorylation of S6K1 and 4E-BP1, activate mTOR

and induce cell proliferation [72, 73]. In short, tobacco smoke

components foster cell proliferation and tumorigenesis via

mTOR activation.

Conclusion

Inhalation exposure induces pulmonary and systemic effects

contributing to the pathogenesis of various diseases. Inhaled

pollutants such as metal nanoparticles, exhaust fumes,

cigarette smoke, and some anesthetics induce several

detrimental cellular processes causing pathological outcomes.

mTOR is involved in numerous cellular processes including

cellular growth and metabolism. Given its importance in

homeostasis, the dysregulation in mTOR signaling contributes

to a variety of disease outcomes. mTOR is primarily regulated by

PI3K/AKT signaling which can directly and/or indirectly be

modified by many inhalation exposures resulting in

autophagy, altered lipid metabolism, and inflammation. These

cellular processes are known to contribute to multiple pulmonary

and systemic diseases. Treatments focusing on reestablishing

regulation of mTOR signaling could potentially be helpful in

addressing inhalation exposure-induced diseases.
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Vaporization of perfluorocarbon
attenuates
sea-water-drowning-induced
acute lung injury by deactivating
the NLRP3 inflammasomes
in canines
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Ji-Guang Meng2, Xiu-Qing Ma2, Zhen-Fei Mo1,2, Jia-Bo Ren1,2,
Zhi-Xin Liang2, Zhen Yang2, Chun-Sun Li2* and
Liang-An Chen2*
1Medical School of Chinese PLA, Beijing, China, 2Department of Respiration, The Eight Medical Center
of Chinese PLA General Hospital, Beijing, China, 3Department of Critical Care and Respiration,
Characteristic Medical Center of Chinese People’s Armed Police Force, Tianjin, China

Abstract

Seawater-drowning-induced acute lung injury (SD-ALI) is a life-threatening

disorder characterized by increased alveolar–capillary permeability, an

excessive inflammatory response, and refractory hypoxemia.

Perfluorocarbons (PFCs) are biocompatible compounds that are chemically

and biologically inert and lack toxicity as oxygen carriers, which could reduce

lung injury in vitro and in vivo. The aim of our study was to explore whether the

vaporization of PFCs could reduce the severity of SD-ALI in canines and

investigate the underlying mechanisms. Eighteen beagle dogs were

randomly divided into three groups: the seawater drowning (SW),

perfluorocarbon (PFC), and control groups. The dogs in the SW group were

intratracheally administered seawater to establish the animal model. The dogs

in the PFC groupwere treated with vaporized PFCs. Probe-based confocal laser

endomicroscopy (pCLE) was performed at 3 h. The blood gas, volume air index

(VAI), pathological changes, and wet-to-dry (W/D) lung tissue ratios were

assessed. The expression of heme oxygenase-1 (HO-1), nuclear respiratory

factor-1 (NRF1), and NOD-like receptor family pyrin domain containing-3

(NLRP3) inflammasomes was determined by means of quantitative real-time

polymerase chain reaction (qRT-PCR) and immunological histological

chemistry. The SW group showed higher lung injury scores and W/D ratios,

and lower VAI compared to the control group, and treatment with PFCs could

reverse the change of lung injury score, W/D ratio and VAI. PFCs deactivated

NLRP3 inflammasomes and reduced the release of caspase-1, interleukin-1β
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(IL-1β), and interleukin-18 (IL-18) by enhancing the expression of HO-1 and

NRF1. Our results suggest that the vaporization of PFCs could attenuate SD-ALI

by deactivating NLRP3 inflammasomes via the HO-1/NRF1 pathway.

KEYWORDS

perfluorocarbons, acute lung injury, probe-based confocal laser endomicroscopy,
heme oxygenase-1, nuclear respiratory factor-1

Impact statement

The study offered the first pCLE image description and

quantitative analysis of acute lung injury induced by seawater

drowning, and demonstrated that inhalation of vaporized PFCs

suppressed seawater-drowning-induced acute lung injuries. The

mechanisms of PFCs’ therapeutic effects may be attributed to the

regulation of NLRP3 inflammasomes’ activation via the HO-1/

NRF1 pathway. This study offers a meaningful exploration of

PFCs’ therapeutic mechanisms in vivo.

Highlights

• We observed that PFCs can attenuate seawater-drowning-

induced acute lung injury.

• In this study, we proved that probe-based confocal laser

endomicroscopy is a noninvasive examination to evaluate

acute lung injury realtimely.

• Regulation of NLRP3 inflammasomes is a new promising

target for seawater-drowning-induced acute lung injury.

• HO-1/NRF1 pathway connects with NLRP3 activation.

Introduction

Seawater drowning is a major cause of morbidity and

mortality worldwide. According to the World Health

Organization, drowning accounted for an estimated

372,000 deaths in 2012 [1]. Seawater-drowning-induced lung

injury (SD-ALI)/acute respiratory distress syndrome (SD-ARDS)

is one of the most important complications in drowning patients,

with a high fatality rate but few therapies [2, 3]. The main

treatment for drowning is supportive care, including

pulmonary support to avoid complications. Previous studies

have suggested that treatments including dexamethasone,

tanshinone II A and 1α, and 25-dihydroxyvitamin D3 might

be effective at alleviating SD-ALI [4–7]. However, we still lack an

effective therapy for this life-threatening disorder. ALI/ARDS are

often regarded as one entity with similar pathobiology of lung

injuries, clinical manifestations, and specific targets of drug

intervention, despite induced by different injuries and

conditions. The category “acute lung injury”, the previous

definition expressed the milder form of ARDS, was omitted

from the Berlin definition. It is generally considered that this

term is the description of the situation where the clinical

definition criteria cannot be fulfilled as well as experimental

study [8]. According to current research, SD-ALI is generally

recognized as a complex injury process involving an insufficiency

of oxygen and pulmonary surfactant, blood–air barrier

disruption, the formation of pulmonary oedema,

inflammation, oxidative stress, autophagy, apoptosis, and so

on, but its exact mechanisms and potential treatments require

further exploration [9].

Perfluorocarbons (PFCs) are colorless and odorless

molecular liquids composed of carbon and fluorine with

features such as a high level of gas dissolvability in water,

rapid release, low surface pressure, high volume, average

volatility, favorable histo-compatibility, and no absorption or

metabolism in vivo [7, 10–12]. Partial liquid ventilation with

perfluorocarbons improves the gas exchange, breathing

mechanism, and lung structure in many acute lung injury

models [13–16]. Our previous studies showed that blast lung

injuries could be attenuated by the vaporization of PFCs via the

nuclear factor (NF)-κB pathway in vivo and in vitro [17, 18].

However, the influence of PFCs on SD-ALI in canines has not

been reported.

Probe-based confocal laser endomicroscopy (pCLE) is a

minimally invasive technique that allows for the in vivo

microscopic imaging of living tissue through a 1 mm

flexible fiber optic mini probe [19]. Recent studies showed

that pCLE has the potential to serve as an in vivo

bronchoscopic imaging technique in the assessment of lung

injury [20]. Our study aimed to explore whether PFCs could

reduce the severity of SD-ALI and investigate the underlying

molecular mechanisms.

Materials and methods

Chemicals and reagents

The experimental seawater was prepared according to the

formula provided by the Third Institute of Oceanography,

Ministry of Natural Resources, Fujian, China. The main

components of the seawater were close to those of the

southeast coastal seawater of China: pH, 8.2; specific gravity,

1.05; and osmotic pressure, 1,300 mmol/L; NaCl 26.518 g/L,

MgCl2 2.447 g/L, MgSO4 3.305 g/L, CaCl2 1.141 g/L, KCl

0.725 g/L, NaHCO3 0.202 g/L, NaBr 0.725 g/L [21].
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Animal experiment and modeling

Eighteen male specified pathogen-free beagle dogs

(12–18 months old, weighing 13.02 ± 0.66 kg) were

obtained from the Laboratory Animal Center of the PLA

General hospital. Dogs were housed under a 12 h light/dark

cycle in a room with a controlled temperature (23°C) and

humidity (50%). All experiments were performed in

compliance with the Experimental Animal Care Committee

of the PLA General hospital (SQ2022447) and the ARRIVE

2.0 guidelines [22].

We randomly divided the 18 beagle dogs into 3 groups: the

control, seawater-induced acute lung injury (SW), and PFC

groups. Anesthesia was induced via intraperitoneal (I.P.)

injection of pentobarbital (25–30 mg/kg), which was deemed

adequate according to the blink test throughout the

experiment. Following 15 min of stabilization, the dogs in the

control group were subjected to tracheal intubation without

seawater instillation and treated with a ventilator (DRAGER,

Savina 300) according to the following parameters: 30% inspired

oxygen (FiO2), 8 mL/kg tidal volume (VT), 4 cmH2O positive

end-expiratory pressure (PEEP), and 16 counts/min. The dogs in

the SW groups were subjected to tracheal intubation and instilled

with pre-cooled seawater (8 mL/kg) through a tracheal cannula

within 1 min. The dogs were maintained in a supine position

with heads elevated at 30° for monitoring. The appearance of

dyspnea and frothy sputum, as well as a sharp drop in the oxygen

saturation to 45–65%, demonstrated the successful modeling of

SD-ALI. After resuscitation, the dogs were treated with a

ventilator according to the same parameters as the control

group. The dogs in the PFC groups were subjected to tracheal

intubation and instilled with pre-cooled seawater (8 mL/kg), as

described above in the SW group; then, they were ventilated with

the same parameters, and vaporized PFCs (10 mL/kg) (C8F18;

Huajieshi Medical Company, Shanghai, China)were

administered continuously for 1.5 h at 0 h and 3 h after

modeling via mechanical ventilation.

Blood gas analysis

Arterial blood was collected from the femoral artery of the dogs

using a blood gas needle after 0 h, 3 h, and 6 h of modeling. Then,

blood gas was analyzed immediately using an automated blood gas

analyzer (ABL 800, Radiometer, Copenhagen, Denmark).

Probe-based confocal laser
endomicroscopy

PCLE was performed with a 1.4 mm semi-flexible confocal

probe (Cellvizio, Mauna Kea Technologies, Paris, France), which

can pass through a portable bronchoscope. A 1 mL volume of 1%

sodium fluorescein was intravenously administered to obtain

clear images 1 min before pCLE. We inserted the probe via the

endotracheal route under bronchoscope control into a proximal

segmental bronchiole of the left lobe, as described previously, and

recorded the video sequences at least for at least 30 s using

imaging software (Image cell 3.6.2; Mauna Kea Technologies,

Paris, France). The volume air index (VAI) was calculated as

described previously [23]. Briefly, images at end-expiration were

selected for analysis and exported as single frames. Then, we

developed a batch image processing method for NI Vision

Assistant 8.2.1 (National Instruments, Austin, TX,

United States) and obtained a histogram including the grey

value distribution that could be analyzed and transferred to

an Excel sheet (Microsoft Excel, 2003). Then, we calculated

the mean grey value M) and standard deviation (SD) to define

the integration limits, defining M−SD as the lower limit and M as

the upper limit. The pixels between the lower and upper

integration limits represented air-filled structures in the

predefined slice. The VAI equaled the number of counted

pixels divided by their total number, which represented the air

content of several binary layers.

Sample collection

Blood and tissue samples from the lower right lung were

harvested for subsequent measurements. We cut the left lung of

the dogs and injected it with 20 mL pre-cooled normal saline.

Then, we collected the bronchoalveolar lavage fluid (BALF) by

gently washing the right lung. The lavage was repeated 3 times,

and the retrieval rate was over 70%. The supernatants of the

BALF were collected by centrifugation at 1,000 rpm for 5 min.

The cells were resuspended in saline and smeared on glass slide

for hematoxylin and eosin (H&E) staining and cell counting as

described previously [24]. The three different sites in the

anterior lobe, middle lobe, and posterior lobe of the right

lung were fixed in 4% paraformaldehyde at room

temperature, embedded in paraffin, sectioned serially at

5 μm, and stained with H&E for immunofluorescence and

immunohistochemistry analyses. The peripheral venous

blood was collected with a blood collection tube containing

ethylene diamine tetraacetic acid (EDTA).

Measurement of lung wet-to-dry weight
(W/D) ratio

To determine the severity of lung edema and water

accumulation, we measured the W/D ratios. The middle lobe

of the right lung was weighed immediately after sampling, and

then the tissues were dried at 65°C until the weight was stabilized.

The lung tissue W/D ratios were calculated as wet weight divided

by dry weight.
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H&E staining

Lung tissue sections were stained for histological

analysis with a H&E staining kit. Finally, the slides were

scanned using a Nano-Zoomer S60 system (Hamamatsu

Photonics, Hamamatsu City, Japan). All sections were

reviewed and analyzed by two pathologists independently

in a blinded manner. The scoring strategy followed a

previously described method [25]. Briefly, two pathologists

who were blind to the treatment of the animals examined

all tissue sections (3 sections from each animal) and

evaluated the hyaline membrane, interstitial edema, intra-

alveolar hemorrhage, intra-alveolar edema, and neutrophil

accumulation levels. These characteristics were subjectively

scored from 0 to 3: 0 = normal, 1 = slight effect, 2 =

moderate presence of the feature, and 3 = severe effect.

Transmission electron microscopy (TEM)

Lung tissue samples with the size of millets were fixed in 4%

glutaraldehyde at 4°C for 24 h and post-fixed in 1% osmic acid for

2 h. After dehydration with a gradient of ethanol and acetone, the

samples were embedded in an epoxy resin. Finally, ultrathin

sections were stained with 2% uranylacetate and lead citrate

and observed using transmission electron microscopy (HT7800,

Hitachi, Tokyo, Japan).

Immunological histological chemistry

Lung tissue sections were incubated in 3% H2O2 to block

endogenous peroxidase and placed in blocking buffer

(C220702, Yangguangbio, Beijing, China) for 15 min,

followed by staining using rabbit polyclonal primary

antibodies for NOD-like receptor family pyrin domain

containing 3 (NLRP3) (1:500; bs-10021R, Bioss, Beijing,

China), nuclear respiratory factor-1 (NRF1) polyclonal

antibodies (1:1000; MBS3204137, Mybiosource, San Diego,

CA, United States) and heme oxygenase-1 (HO-1)

antibodies (1:500; GTX13248, Genetex, San Antonio, TX,

United States) overnight at 4°C. Then, the sections were

washed three times in PBS and incubated with horseradish

peroxidase (HRP)-conjugated goat anti-rabbit IgG (H+L)

(GB23303, Solarbio, Wuhan, Hubei, China) and HRP-

conjugated goat anti-mouse IgG (H+L) (GB23301, Solarbio,

Wuhan, Hubei, China). The slides were incubated in DAB

(AR1022, Bosterbio, Wuhan, Hubei, China), counterstained in

Mayer’s hematoxylin solution, dehydrated, cleared in xylene,

and placed in Depex mounting medium. Finally, the slides

were scanned using a Nano-Zoomer S60 system.

Immunofluorescence

Lung tissue sections were placed in blocking buffer for

15 min followed by staining using rabbit polyclonal

antibodies for E-cadherin polyclonal antibodies (1:300;

20874-1-AP, protein-tech, Wuhan, Hubei, China) overnight

at 4°C. Then, the sections were washed 3 times in PBS and

incubated in goat anti-rabbit IgG/RBITC (SR134, Solarbio,

Wuhan, Hubei, China), followed by washing 3 times in PBS

and incubation in anti-fade medium containing 4′,6-
diamidino-2′-phenylindole (DAPI). Finally, the slides were

scanned using a Nano-Zoomer S60 system.

Enzyme-linked immunosorbent
assay (ELISA)

The BALF supernatant obtained using the method

described in Sample collection section was centrifuged at

8,000 g for 20 min, and we detected the levels of pulmonary

surfactant A (SP-A) and pulmonary surfactant B (SP-B) with

ELISA kits (Shanghai Enzyme-linked Biotechnology

company, Shanghai, China) according to the

manufacturer’s protocol.

Quantitative real-time PCR (qRT-PCR) analysis

Using TRIzol™ reagent (15596026, Invitrogen, Carlsbad,

CA, United States), total RNA was extracted from lung

tissues. Then, we obtained the cDNA using a reagent kit

(9767, TaKaRaBio, Dalian, Liaoning, China). QRT-PCR

was carried out using a KAPA SYBR® FAST qPCR Master

Mix kit (KK4601, R&D, Cape Town, South Africa) with

the amplification conditions set as follows: 94°C for 30 s,

followed by 40 cycles at 94°C for 5 s and 60°C for 34 s.

Three technical replicates were performed for each cDNA

sample. The β-actin gene was employed as the internal

control. The primer sequences for the target genes are listed

in Table 1.

Statistical analysis

Statistical analysis was performed using GraphPad

Prism 6 software (GraphPad Software Inc., La Jolla, CA,

United States). Data are presented as mean ± standard

error of mean (SEM), and one-way analysis of variance

followed by Tukey’s test was used for comparisons. p <
0.05 was considered to indicate a statistically significant

difference.
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Results

Blood gas analysis

Compared with the control group, the pH value and oxygen

index were significantly decreased and the PaCO2 significantly

increased in the SW group (p < 0.05). The blood gas analysis

for the PFC group showed a significantly increased PaO2

and pH value and decreased oxygen index (p < 0.05)

(Figures 1A–C).

PCLE helped to assess lung injury in a
noninvasive and real-time manner

Images in the control group showed the fiber-like

structures represented normal alveolar tissue, while the dark

background represented the gas in the lung. However, the

pictures from the SW group showed much thicker fiber-like

structures and more fiber-like structures representing the

thickening and disorder of alveolar structures, while the

background became much thicker, representing the gas-

trapping, liquid leakage and inflammatory infiltration.

However, images from the PFC group showed alleviation of

the above-mentioned manifestations (Figure 1D).

Then, image sequences of at least six differing alveolar

clusters of each group were selected for the calculation of

the VAI. As depicted in Figure 1E significant difference

between the control group and the SW group was observed

(p < 0.05), and PFC administration could significantly

upregulate VAI compared with the SW group.

Pathological changes

The pathological assessment of the SW group (Figure 2A)

exhibited alveolar destruction, edema, hemorrhages, the

extensive infiltration of inflammatory cells, and alveolar

collapse (Figure 2B), and the lung injury scores (Figure 2D)

were significantly increased compared to those for the

control group. In the PFC group, the lung injuries,

including alveolar destruction, edema, and hemorrhages,

were alleviated (Figure 2C), and the lung injury scores were

significantly reduced (Figure 2D) compared with those for the

SW group.

Additionally, we performed total cell counting and

differential cell counting using the H&E staining of BALF

cells. Compared with the control group, the SW group

exhibited a significantly elevated total cell count and higher

macrophage, neutrophil and lymphocyte counts, while PFC

inhalation effectively reversed the infiltration of total cells,

neutrophils and lymphocytes induced by seawater (p < 0.05)

(Figures 2F–I).

Then, we used the W/D ratios to evaluate the severity of the

lung edema. The W/D ratios of the SW group were significantly

increased compared with the control group (p < 0.001), while

TABLE 1 Primer sequences used in this study.

Primers Sequences (59-39) PCR products (bp)

NRF1 CACCAATGGGAGCAATTTTT 141

ACACCCAGGTCCCTTTCTCT

HO-1 CTTCTTCACCTTCCCCAACA 138

ATGTTCAGCAGGAAGGCAGT

NLRP3 GTGTTATGTGGCCCTGGACT 119

TGGTGCTTCTGGGTCTCTCT

caspase-1 GCCTCAACCTCAAGGACAAA 101

TGTCGAGGCTTTTGGAGAGT

IL-1β CAAGAAACCCTCCTTTGTGC 142

ACAAGTGGGCTTTTTCATGG

IL-18 ACGAGGGAAATCAACCTGTATT 113

CAGACCTCTAGTGAGGCTATCT D

β-actin TGCGTGACATCAAGGAGAAG 175

AGGAAGGAAGGCTGGAAGAG

Abbreviations used are follows: NRF1, nuclear respiratory factor-1; HO-1, heme oxygenase-1; NLRP3, NOD-like-receptor family pyrin domain-containing-3; IL-1β, interleukin-1β; IL-18,
interleukin-18.
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PFC administration downregulated the W/D ratios dramatically

(p < 0.05) (Figure 2E).

PFCs improved barrier injuries induced
by seawater

E-cadherin is an adherens junctional protein with functions

in the regulation of the epithelial architecture, regulating

the paracellular permeability. As shown by the representative

immunofluorescence images of E-cadherin in Figure 3A,

seawater induced obvious epithelial swelling, structural rupture,

and thickening, in contrast to the control group, while PFC

treatment tended to relieve the aforementioned changes.

PFCs improved type II alveolar epithelial
(AT-Ⅱ) and mitochondria damages
induced by seawater

Ultrastructural analysis was performed using TEM. AT Ⅱ
cells from the SW group showed less microvilli (yellow arrows)

and obvious swollen, fragmented mitochondria with disrupted

cristae (red arrows), and PFC treatment alleviated the AT Ⅱ
injury, as shown in Figure 3B. Macrophages, one of the most

important immune cells in respiratory system, showed

damaged morphological mitochondria (red arrows), and

red blood cells (green asterisks) infiltrated the alveoli in the

SW group, while PFCs reversed the damage induced by

seawater (Figure 3C).

FIGURE 1
PFCs improved hypoxia and barrier damage induced by seawater. (A) pH values; (B) oxygenation index; (C) partial pressure of carbon dioxide at
0 h, 3 h, and 6 h after modeling. (D) Representative images from probe-based confocal laser endomicroscopy. (E) The volume air index. Data are
presented as mean ± SEM. n = 6. * p < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations: SW, seawater; PFC, perfluorocarbon, VAI, volume air index.
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Moreover, to elucidate the function of AT Ⅱ, we performed

ELISA to reveal the SP-A and SP-B concentrations in the BALF.

Seawater induced a significant SP-A and SP-B deficiency, but

PFCs increased the SP-B levels in the BALF dramatically (p <
0.05) (Figures 3D, E).

PFCs upregulated HO-1 and NRF1 and
downregulated NLRP3 inflammasome
levels

We employed qRT-PCR to quantify the mRNA expression

levels of NRF1, HO-1, and NLRP3 inflammasomes. The

PFC treatment increased the NRF1 and HO-1 expression

levels and decreased NLRP3 expression levels compared with

those in the control group and SW group (p < 0.05).

Furthermore, the mRNA expression levels of caspase-1, IL-1β,
and IL-18 were dramatically elevated after a seawater challenge,

while PFC treatment significantly reversed these changes (p <
0.05) (Figure 4A). The results suggest that PFCs downregulated

the NLRP3 inflammasomes as well as their downstream

molecules and upregulated HO-1 and NRF1.

To further explore the mechanisms underlying PFCs’

therapeutic effects, we performed immunohistochemistry staining

to detect the expression ofHO-1, NRF1 andNLRP3 inflammasomes

in lung tissues. We observed fewer HO-1-positive cells and NRF1-

positive cells and more NLRP3 inflammasome-positive cells in the

lung tissues of the SW group, while PFC treatment significantly

reversed the HO-1, NRF1 and NLRP3 inflammasome expression

induced by seawater (Figure 4B).

Discussion

Drowning is one of the three major causes of death from

unintentional injury in the world [26]. The lack of effective

treatments is the main cause of death from drowning [2].

Seeking new drugs and methods to treat SD-ALI is important.

Previous studies found that PFCs were effective in improving

oxygenation in animals with lung injury and hypoxia, with the

therapeutical effect mainly being ascribed to anti-inflammation

and anti-oxidative stress effect by NF-κB pathway [18, 27, 28].

Our study established a SD-ALI model that fulfilled the standard

for acute lung injury models updated in 2021 by the American

FIGURE 2
PFCs alleviated inflammatory infiltration and lung edema induced by seawater. The H&E staining of lung tissue from the control group (A) SW
group (B), and PFC group (C); (D) lung injury scores; (E) Lung tissue W/D ratios; (F) Total cell count; (G)macrophage count; (H) neutrophil count; (I)
lymphocyte count. Data are presented asmeans ± SEM. n = 6. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Scale bar: 100 μm. Abbreviations:
SW, seawater; PFC, perfluorocarbon; BALF, bronchoalveolar lavage fluid.
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FIGURE 3
PFCs improved lung barrier injury and mitochondria morphological alterations induced by seawater. (A) The lung tissue is presented by
immunofluorescence. Blue: nuclear staining (DAPI); yellow: E-cadherin. Scale bar: 50 μm. (B)Mitochondria TEM images of type II alveolar epithelial
cells after treatment with seawater and seawater + PFC. Red arrows: swollen and damaged morphological mitochondria; yellow arrows: microvilli.
Scale bar: 2 μm. (C) Mitochondria TEM images of macrophages after treatment with seawater and seawater + PFC. Red arrows: swollen and
damaged morphological mitochondria; green asterisks: red blood cell. Scale bar: 2 μm. (D) SP-A protein levels in BALF; (E) SP-B protein levels in
BALF. Data are presented as mean ± SEM. n = 6. p p < 0.05. Abbreviations: SW, seawater; PFC, Perfluorocarbon; DAPI, 4′,6-diamidino-2′-
phenylindole; TEM, transmission electron microscopy; SP-A, pulmonary surfactant A; SP-B, pulmonary surfactant B; BALF, bronchoalveolar
lavage fluid.
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FIGURE 4
PFCs upregulated HO-1 and NRF1, and downregulated NLRP3 inflammasome expression in lung tissue. (A) The results obtained from qRT-PCR
for NRF1, HO-1, NLRP3 inflammasomes, caspase-1, IL-1β, and IL-18. (B) Immunohistochemistry staining showing HO-1-positive cells, NRF1-positive
cells and NLRP3-positive cells in lung tissue. Scale bar: 50 μm. Data are presented as mean ± SEM. n = 6. p p < 0.05, pp p < 0.01, ppp p < 0.001.

(Continued )
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FIGURE 4 (Continued)
Abbreviations: SW, seawater; PFC, perfluorocarbon; NRF1, nuclear respiratory factor-1; HO-1, heme oxygenase-1; NLRP3, NOD-like-receptor
family pyrin domain-containing-3; IL-1β, interleukin-1β; IL-18, interleukin-18.

FIGURE 5
Abstract of our work. PFCs could downregulate NLRP3 inflammasome activation by the HO-1/NRF1 pathway and then decrease the release of
mature IL-1β and IL-18 to alleviate acute lung injury induced by seawater. ① HO-1 may directly downregulate NLRP3 inflammasome gene
expression. ② NRF1 may deactivate NLRP3 inflammasomes through mitochondrial quality control. Black line: pathway described in previous study.
Red line: results obtained from our study. Abbreviations: SD-ALI, seawater-drowning-induced acute lung injury; PFC, perfluorocarbon; NRF1,
nuclear respiratory factor-1; HO-1, heme oxygenase-1; NLRP3, NOD-like-receptor family pyrin domain-containing-3; IL-1β, interleukin-1β; IL-18,
interleukin-18.
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Thoracic Society (ATS) [29], and it was the first time that dogs

were used as SD-ALI model animals. The physiological structure

characteristics and organ sizes of dogs are similar to those of

humans, including the pulmonary, cardiovascular and

cerebrovascular, and visual organs, which means they are

suitable for the research and application of physical

interventional therapy and intervention. The SD-ALI model

showed significant pathological damage, a high W/D ratio,

barrier damage and inflammatory cell infiltration. The results

of our study showed that treatment with PFCs could ameliorate

seawater-drowning-induced lung edema, barrier damage and

inflammatory infiltration. The protective mechanism may

involve the inhibition of NLRP3 activation via the HO-1/

NRF1 pathway (Figure 5). To the best of our knowledge, this

was the first time the effect of PFCs had been attributed to

NLRP3 deactivation.

The blood–gas barrier, also known as the alveolar–capillary

barrier, is the key functional element of the lung, serving as the

site of oxygen and carbon dioxide exchange between the distal

airspaces and the pulmonary vasculature [30]. West et al.

previously described the stress failure of the blood–gas

barrier in a rabbit lung using evidence from electron

microscopy, with the concomitant translocation of red blood

cells into the interstitium and/or airspaces [31]. The

destruction of the blood–gas barrier could induce a

perturbation in the fluid balance and result in pulmonary

edema or acute lung injury [32]. The infection of alveolar

epithelial cells and endothelial cells with severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) triggers

an inflammatory response at the blood–gas barrier, inducing

the release of IL-1β, interleukin-6 (IL-6), and tumor necrosis

factor-α (TGF-α), leading to the disintegration and thickening

of the blood–gas barrier [33]. We established SD-ALI canine

models with hypoxemia, hypercapnia, and acidism, which

indicated the disfunction of the blood–gas barrier. PFCs

were administrated by inhalation, which can work

immediately and directly on the lung. We then observed

morphological changes in the blood–gas barrier by the

immunofluorescence staining of lung tissue, characterized

as epithelial swelling, structural rupture, and thickening. Our

work demonstrated that PFC administration significantly

improved the lung barrier structure and oxygenation.

Moreover, PFCs could reduce injury to AT Ⅱ cells, which

produce and release pulmonary surfactant to maintain

alveolar surface tension.

Our study attempted to visualize the structure of the

pulmonary alveoli using pCLE in a living body. The pCLE

technique uses a laser wavelength that mainly allows for the

visualization of elastic fibers in lung tissue. Many studies have

been conducted to assess the applicability of pCLE in central

neoplasms, diffuse parenchymal lung disease, lung emphysema,

pneumonia, acute lung injury, etc. [34–38]. Our study

visualized the changes in images that occurred under acute

lung injury induced by seawater drowning in canine models,

characterized by an increased density of elastic structures, and

large drops of intra-alveolar secretions compared with the

control group and PFC group, which were also supported by

quantitative analysis using the VAI. The VAI may help us to

assess the air content of lung tissue. To the best of our

knowledge, this is the first pCLE image description and

quantitative analysis of acute lung injury induced by

seawater drowning.

Inflammatory responses are important mechanisms of SD-

ALI. We found substantial inflammatory infiltrations in lung

tissues from the SW group. Previous studies have found that

seawater can increase the production of pro-inflammatory

cytokines, including IL-6, interleukin-10 (IL-10), IL-1β, and
TNF-α, in vivo and in vitro [39–41]. We found that seawater

challenge upregulated IL-1β and IL-18. Moreover, the

vaporization of PFCs could alleviate inflammatory cell

infiltration and reduce the expression of IL-1β and IL-18 in

lung tissue. NLRP3 inflammasomes are cytoplasmic high-

molecular-weight protein platforms of caspase-1 activation

in response to microbial invasion and damage signals and

have been found to be activated in macrophages and AT Ⅱ
cells by a wide spectrum of stimuli, including seawater [42]. The

formation of these protein complexes activates caspase-1,

which is involved in the maturation of the proinflammatory

cytokines IL-1β and IL-18 into their biologically active

forms [42]. The regulation of the NLRP3 inflammasome

activation state is a promising target for neuronal

necroptosis, osteoarthritis, and respiratory system diseases

[43, 44]. Based on the above, we hypothesized that the

therapeutic effect of PFCs may be achieved through

NLRP3 inflammasomes. To elucidate whether PFCs influence

the seawater-induced activation of NLRP3 inflammasomes,

we confirmed the seawater-induced activation of NLRP3

inflammasomes in lung tissue based on their mRNA and

protein levels, which were consistent with previous studies

[21]. Then, we found that PFC administration significantly

deactivated NLRP3 inflammasomes, which was verified by

means of qRT-PCR and immunohistochemistry. Moreover,

PFC vaporization also downregulated caspase-1, a signal

factor downstream of NLRP3 and the key molecule linking

NLRP3 inflammasome activation and IL-1β and IL-18

maturation.

Knowing that NLRP3 inflammasome activation is regulated

by multiple complicated positive and/or negative regulatory

pathways providing upstream signals [42, 45], we attempted

to find pathways involved in this activity. HO-1 is a rate-

limiting enzyme of heme degradation that catalyzes the

degradation of free heme to biliverdin, ferrous iron, and

carbon monoxide [46]. HO-1 is reported to have antioxidant

and anti-inflammatory effects in acute lung injury, and also can

decrease NLRP3 inflammasome deactivation induced by heme

[39, 43, 44, 47, 48]. NRF1 is a phosphorylated nuclear protein
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that functions as a transcription factor, activating the expression

of key metabolic genes regulating cellular growth and nuclear

genes required for respiration, heme biosynthesis, and

mitochondrial DNA transcription and replication [49].

However, the function of NRF1 has not been fully elucidated.

HO-1 regulates mitochondrial biogenesis and activates the

redox-sensitive transcriptional program for mitochondrial

quality control through NRF1. This pathway is implicated in

the mitigation of various injuries, including organ fibrosis,

ischemic and drug-induced cardiomyopathy, acute lung

injury, and ARDS [48, 50]. A previous study reported that

mitochondrial damage and dysfunction could promote

epithelial barrier damage through calcium dysregulation,

energy failure, apoptosis, and the loss of heme homeostasis

[51, 52]. Our work observed mitochondrial damage in the SW

group via TEM, characterized by obviously swollen, fragmented

mitochondria with disrupted cristae, suggesting that the HO-1/

NRF1 pathway may participate in mitochondrial quality control

during the pathophysiological process of SD-ALI. NRF1 may

directly downregulate NLRP3 inflammasome gene expression

within the nucleus or promote mitochondrial quality control to

influence heme metabolism. The elaboration of the HO-1/

NRF1 pathway to NLRP3 inflammasome activation needs

further investigation.

In summary, we provided evidence that the inhalation of

vaporized PFCs suppressed SD-ALI in canine models, alleviated

hypoxemia and blood–gas barrier injuries, and reduced

inflammatory infiltration and cytokine release. The

mechanisms of PFCs’ therapeutic effects may be attributed to

the regulation of NLRP3 inflammasomes’ activation via the HO-

1/NRF1 pathway. This study offers a meaningful exploration of

PFCs’ therapeutic mechanisms in vivo.
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