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Abstract

Aromatase inhibitors are effective in treating hormone receptor-positive breast can-

cer, particularly in postmenopausal women. However, the challenges of inconsistent

dissolution, variable absorption and side effects with oral administration persist. To

address these issues, transdermal delivery has emerged as a viable alternative. In our

study, we have developed nanoemulsion-based transdermal creams containing third-

generation aromatase inhibitors Exemestane (EXE) or Letrozole (LE) and evaluated

their toxicity, anti-tumour effects and androgenic potency using preclinical models

including Bama minipigs, DMBA-induced breast cancer rats and orchidectomized

male rats. The results of our study are significant, suggesting that both creams effec-

tively penetrated the skin, demonstrating an impressive anti-breast cancer effect.

Importantly, EXE cream had no organ toxicity at the tested dose, providing a reassur-

ing safety profile for its use. In contrast, LE cream displayed reversible toxicity from

drug molecule itself in animals at the given dose, dissipating after 3 weeks of with-

drawal and recovery. This study establishes a solid foundation for the safe clinical use

of third-generation aromatase inhibitors. It highlights transdermal creams as a promis-

ing drug delivery carrier for administering them.
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1 | INTRODUCTION

The deprivation of oestrogen is widely recognized as the primary

mechanism of action for medical and surgical endocrine treatments in

breast cancer. Aromatase inhibitors (AIs), including steroidal Exemes-

tane (EXE) and non-steroidal Letrozole (LE), are effective in reducing

oestrogen production in postmenopausal women.1–4 These two drugs

are potent aromatase inactivators with 25 and 2.5 mg tablets for oral

administration, respectively.5,6 However, taking these drugs orally

poses challenges such as erratic dissolution, absorption and poor

patient compliance with common adverse effects (body weight

change, fatigue, dizziness, hot flushes, arthralgia and myalgias).6–10

The bioavailability of these drugs is limited by their suboptimal solubil-

ity and extensive first-pass metabolism. Moreover, the absorption

process of these drugs can vary significantly depending on factors

including the formulation type and the concurrent food intake.7,11

Transdermal delivery is often used as an alternative to oral adminis-

tration to enhance the bioavailability of drugs.12–14 The skin offers a large

surface area for drug absorption, making transdermal delivery appealing.

It also bypasses first-pass metabolism, reduces systemic toxicity and

allows for the termination of drug action when needed.15 A topical for-

mulation of aromatase inactivators (US 20030092693A1) was previously

proposed to enhance the efficacy and convenience of drug administra-

tion. According to this patent, we prepared a Formestane cream and

assessed its toxicity and anti-tumour efficacy in animal models.16,17 The

results suggested that the cream suppressed breast cancer growth with-

out inducing apparent damage to animal organs. However, as a second-

generation inhibitor, Formestane is less effective in inhibiting aromatase

activity than the third-generation inhibitors, EXE and LE.18

This study demonstrates nanoemulsion-based transdermal deliv-

ery for steroidal and non-steroidal third-generation aromatase inhibi-

tors EXE and LE with refined cream formulations. The toxicity of the

creams was examined in female Bama minipigs treated for 28 days

using a comprehensive analysis of haematology, biochemistry and his-

topathology. Furthermore, this study evaluated the anti-tumour

effects of the creams by monitoring the tumour size, tumour number

and body weight of the dimethylbenz anthracene (DMBA)-induced

breast cancer rats after a four-week treatment. The findings suggest

that both creams effectively penetrated the skin and exerted a signifi-

cant anti-breast cancer effect. In particular, EXE cream demonstrated

no toxicity on animal organs at the tested dose and showed the ability

to activate androgen receptors, contributing to its anti-breast cancer

properties. On the other hand, the LE cream showed some toxicity in

animals at the tested dose, which was reversible after a three-week

recovery. Our study paves the way to the clinical use of transdermal

delivery of the third-generation aromatase inhibitors.

2 | MATERIALS AND METHODS

2.1 | Structural characterization of the creams

The morphological and structural properties of EXE and LE creams

were examined by cryo-SEM (Apreo S, Aztec X-Max80, AztecLi,

ThermoFisher & Oxford Instruments) and transmission electron

microscopy (JEM-2100Plus, Jeol Ltd., Tokyo, Japan).

2.2 | Toxicological evaluation

Sixteen minipigs were randomly divided into four groups (four pigs in

each group). A cohort comprising four pigs per group was utilized for

the safety evaluation. This decision aligned with the document ‘Tech-
nical Guidelines for Repeated Drug Administration Toxicity Testing’,
ensuring adherence to relevant regulatory standards.19 The experi-

mental groups were designated as follows: Normal (N), Placebo (P),

Exemestane (EXE) and Letrozole (LE). Placebo means cream excipient.

1. Group N: Pigs in the normal group were not treated as the

untreated, normal control group (N).

2. Group P: Animals in the placebo (P) group received transdermal

administration of the cream excipient (1440 mg/kg bw/d) without

any drug.

3. Group EXE: Each pig was administered a 1440 mg/kg bw/d dose

of EXE cream, equivalent to 36 mg/kg bw/d of the active ingredi-

ent EXE.

4. Group LE: Each pig received a dose of 1440 mg/kg bw/d of LE

cream, equivalent to 36 mg/kg bw/d of the active (LE).

5. Autopsy: Upon the conclusion of the experimental period on day

28, animals deemed to be in good condition underwent necropsy and

macroscopic examination. However, those exhibiting poor conditions

were allowed an additional 3-week recovery period. Animals desig-

nated for dissection underwent anaesthesia with a dose of 35 mg/kg

bw of 2% pentobarbital sodium, administered intramuscularly, fol-

lowed by sacrifice through exsanguination. In the case where an ani-

mal was in a moribund state, rapid exsanguination was executed by

severing the arteria crural, followed by a comprehensive autopsy. The

procedure began with an external examination, opening the abdomi-

nal cavity. A macroscopic examination was then conducted by

observing the appearance of tissues in situ. The cranial and thoracic

cavities were opened and subjected to macroscopic examination. Any

abnormalities detected during this process were meticulously

recorded, including details of their location, colour, shape and size. All

organs were systematically extracted from each animal, their weights

recorded and then fixed in neutral buffered formaldehyde (4%) to

facilitate subsequent histopathological examination.

6. Histopathological analysis: The collected organs were promptly

immersed and fixed in 4% paraformaldehyde for 24 h to forestall

any further alterations in the tissue. The tissue samples were car-

ried out as reported.17 Fixed tissue sections were viewed under a

binocular microscope at magnifications of 100 and 400 and photo-

micrographs were taken for further examination.

2.3 | Evaluation of the anti-breast cancer effect

The rats with DMBA-induced breast tumours were divided into three

groups, each consisting of 10 animals: the P group, the EXE group and
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the LE group. All animals were ovariectomized, and they represent

postmenopausal breast cancer models.

Rats in the Placebo group received transdermal application of

125 mg/kg bw/d of placebo cream twice daily. Those in the EXE

group were treated with EXE cream twice daily, administered trans-

dermally at a dose of 125 mg/kg bw/d. The LE group received

transdermal administration of 125 mg/kg bw/d of LE cream twice

daily. All treatment regimens were upheld for 4 weeks. The selected

doses for evaluating the anti-tumour effect of the cream were deter-

mined based on prior studies conducted by Brodie.20 Tumour growth

and the body weight of the rats were expressed as a percentage rela-

tive to the initial tumour volume, measured on the first day of treat-

ment, and established as 100%. After the treatment period,

euthanasia was conducted via cervical dislocation and the number of

tumours was duly recorded.

2.4 | Evaluation of the androgenic activities

The Hershberger assay was performed according to the guidelines of

the rodent Hershberger assay21 to assess the androgenic and myo-

trophic activity of the creams. Male Wistar rats (140 g, 5 � 6 weeks)

were ovariectomized (orchid) or sham-operated (intact) under ether

anaesthesia. After 14 days of endogenous hormonal decline, animals

were randomly allocated to treatment and control groups (n = 6). The

Orchi group refers to the Orchi rats receiving placebo cream;

the Intact group refers to sham-operated rats receiving placebo

cream. The treatment group comprised orchid rats that were topically

administered with 125 mg/kg bw/d of either EXE or LE cream. The

anti-androgen FLU given by gavage (10 mg/kg bw/d). The positive

control group of rats received subcutaneous testosterone propionate

(TP) administration at 1 mg/kg bw/d. Rats were sacrificed after com-

pletion of the 12-day treatment. Following removal, the wet weights

of the prostate, seminal vesicle and levator ani muscle were

determined.

The animal experiments were performed under the Guideline

for Care and Use of Experimental Animals and approved by the

Institutional Review Board (or Ethics Committee) of The Affiliated

Hospital of Southwest Medical University, Southwest Medical Uni-

versity (protocol code 201903-37 and date of approval 5 March

2019).

2.5 | Statistical analysis

Statistical analysis was performed utilizing the two-tailed Student's t-

test and one-way analysis of variance (ANOVA) via GraphPad Prism

software (GraphPad Software). A p-value less than 0.05 is considered

statistically significant, while ns indicates non-significance. Signifi-

cance levels were denoted by asterisks (*p < 0.05, **p < 0.01,

***p < 0.001).

3 | RESULTS AND DISCUSSION

3.1 | Schematic illustration of the assessments of
EXE and LE creams in animal models

We have developed a topical formulation based on the US patent

document 20030092693A1 with some modifications. Specifically,

we added dimethyl isosorbide to enhance the formulation's skin

penetration and anticancer efficacy. We prepared the EXE or LE

creams to determine if transdermal delivery is feasible for third-

generation aromatase inhibitors. The toxicity of these creams was

examined in female Bama minipigs treated for 28 days. A compre-

hensive haematology, biochemistry and histopathology analysis

was conducted to evaluate the effects (Figure 1A). At the end of

the experimental period on day 28, necropsy and macroscopic

examination were performed on animals in good condition. Those

who were in poor conditions were allowed an additional 3-week

recovery period. To evaluate the anti-cancer effectiveness of EXE

or LE cream, rats are administered DMBA to induce tumours, fol-

lowed by a four-week treatment with either cream (Figure 1B).

Additionally, previous studies have shown that steroidal aromatase

inhibitors can act as androgens to inhibit breast cancer progression

by activating androgen receptors.22 Therefore, we conducted a

classical Hershberger assay to confirm the androgenic properties of

the creams (Figure 1C).

3.2 | Characterization of the creams

The creams in this dosage form comprised an oil-in-water emul-

sion (Figure 2A). EXE and LE were solubilized in the oil phase,

and then emulsification was used to create an even dispersion of

tiny droplets in the water phase. The creams exhibited suitable

consistency, good flexibility and coating properties and a smooth

and uniform texture (Figure 2B). According to the cryo-scanning

electron microscopy (Cryo-SEM) results, both creams have a

smooth surface with holes (Figure 2C). The transmission electron

microscopy (TEM) analysis revealed that they have oil droplets

ranging from 200 to 300 nm in diameter (Figure 2D). These nano-

scale droplets can enhance the permeability of the drug through

the skin.23–26 The concentration of the active ingredients in the

cream was determined using UPLC assay. The analysis revealed

that both creams contained a single compound, either EXE or LE

(Figure 2E), and their respective concentrations were 2.59% and

2.70%. During a two-week duration of treatment, the plasma con-

centrations of EXE and LE in pigs were measured as 24.64 and

87.56 nM, respectively (Figure 2F,G). These measurements were

taken 2 h after administering the dose on day 7. These results

demonstrate that both creams are nanoemulsions and can be

absorbed through the skin of Bama minipigs and enter their

bloodstream.

GAO ET AL. 3 of 11



3.3 | Effects of the creams on animal symptoms

During the study, female Bama minipigs were grouped and treated

with the EXE, LE, and placebo (P) creams at a dose of 1440 mg/kg

bw/d, respectively. The cream dose corresponds to about 36 mg/kg

bw/d of active ingredients for Bama minipigs (see Supporting Material

and Methods for details). Pigs without any treatment were assigned

to the normal (N) group. They were closely monitored for any signs of

toxicity or mortality, with observations being conducted twice daily to

detect potential adverse effects promptly. No deaths were recorded

during the study. However, after 3 weeks of medication, minipigs in

the LE group exhibited signs of poor health, including thinness, leth-

argy, slow movement, decreased appetite, yellowing of the lips and

dull eyes (Figure S1). Their body temperature remained normal,

though the body weight and appetite of the pigs in this group

decreased to some extent (Figure S2A,B and Table S1). The symptoms

observed in the LE group were alleviated after discontinuing the drug,

and the minipigs recovered after 3 weeks. This implies that the

adverse effects associated with LE cream administration were revers-

ible. The results also indicate that neither the administration of EXE

F IGURE 1 Schematic illustration of the assessments of EXE and LE creams in animal models. (A) Toxicological evaluation of the creams.
(B) The effects of the creams on breast cancer. (C) Evaluation of androgen properties of the creams. N, Normal, pigs without any treatment. P,
each pig received 1440 mg/kg bw/d of placebo cream. EXE, each pig received 1440 mg/kg bw/d of EXE cream. LE, each pig received
1440 mg/kg bw/d of LE cream.
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cream nor the placebo cream induced any noticeable adverse effects

within 3 weeks. Hence, the side effects of LE cream were caused by

the LE compound itself rather than other cream components. The tox-

icity of LE cream to Bama minipigs at the administered dose of

1440 mg/kg bw/d is likely due to its relatively higher dose exceeding

the clinical dose by more than 100 times (see Supporting Material and

Methods for details). The commercially available oral formulations of

EXE and LE were administered to patients at dose levels of 25 and

2.5 mg per application, respectively.27 The recommended clinical dos-

age of LE is 1/10 of that of EXE. This study has provided evidence of

the safety of EXE cream at a dosage of 1440 mg/kg

bw/d. Consequently, it can be inferred that the corresponding safe

dosage of LE cream should be significantly lower, approximately

144 mg/kg bw/d. The safety profile of LE cream at the speculated

dosage of 144 mg/kg bw/d requires additional validation through

comprehensive animal studies.

3.4 | Effects of the creams on animal haematology
and clinical chemistry

Haematological parameters help assess the severity of the impact on

the blood.28–30 The data reveals that EXE cream, administered at a

dosage of 10 times higher than the clinical recommendation, did not

cause any significant alterations in vital haematological parameters,

including RBC, HGB, MCHC, PLT, WBC, LY and MID (Figure S2C–E

and Table S2). However, the administration of LE cream at a dosage

of 100 times higher than the clinical recommendation resulted in a

sustained increase in HGB, WBC, LY and MID after the second week

of dosing. These indicators did not exhibit a gradual decline until

2 weeks after the discontinuation of the drug. Despite higher HGB

levels in the LE group compared to other groups (Figure S2C), the

values remained within the normal range of HGB in Bama minipigs,

eliminating concerns regarding abnormal elevation. However, further

analysis is necessary to determine the underlying reasons for

increased WBC, LY and MID levels in the LE cream group

(Figure S2D). Previous research has reported cases of LE-induced hep-

atitis with autoimmune characteristics.31 These findings are consistent

with our observations of elevated WBC, LY and MID levels, collec-

tively suggesting that LE triggered a drug-induced inflammatory

response. Regarding haematological parameters, the administration of

EXE cream at the tested dose did not cause any adverse effects in the

minipigs. In contrast, the dose of LE cream administered to the mini-

pigs was excessive.

Any changes in the parameters of PT and APTT can serve as pre-

dictive markers of toxicity, especially when data from animal studies

F IGURE 2 Characterization of EXE and LE creams. (A) Microstructural illustration of the creams. (B) Cream appearances. (C) Representative
Cryo-SEM images of the creams. Scale bars: 10 μm. (D) TEM images of the creams. Scale bars: 500 nm. In Figure b-d, the upper images depict
EXE cream, whereas the lower images represent LE cream. (E) UPLC analysis of LE and EXE content in creams. The peak of a single compound of
EXE and LE. (F) LE and EXE content in creams. (G) LE and EXE plasma content in minipigs treated with LE or EXE cream for 2 weeks. The
measurements were taken during the final 2 h of administration. N, Normal, pigs without any treatment. P, each pig received 1440 mg/kg bw/d
of placebo cream. EXE, each pig received 1440 mg/kg bw/d of EXE cream. LE, each pig received 1440 mg/kg bw/d of LE cream.
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are extrapolated to human toxicity. Therefore, it is crucial to assess

coagulation parameters to evaluate the risk of the tested substances

on blood clotting mechanisms.28 The coagulation function of all ani-

mals was analysed both before and once a week after drug adminis-

tration. It was found that both EXE and LE creams, administered at

the investigated doses, did not induce significant changes in coagula-

tion parameters (Table S3 and Figure S2F). These findings indicate

that the two creams did not adversely affect the coagulation function

of Bama minipigs.

The effect of creams on liver function was evaluated by assessing

biochemical markers such as AST, ALT, GGT and other indicators. The

results showed that EXE cream did not significantly affect the animals'

liver function (Table S4 and Figure S3A–E). Blood biochemical param-

eters showed no significant differences between the normal and EXE

groups. Furthermore, all groups' electrolyte indexes remained within

the normal range (Table S3 and Figure S3F). In contrast, the LE group

showed a continuous increase in TB, ALT and AST values after

14 days of dosing. These values significantly exceeded those in the

normal control group after 21 days. Although these values gradually

decreased after discontinuing the drug, they remained elevated com-

pared to normal values 3 weeks after cessation (Tables S4,S5 and

Figure S3D,E). This indicated jaundice symptoms and was consistent

with a previously reported case where a patient developed jaundice

after taking LE.1 Other blood biochemical values of minipigs in the LE

group exhibited fluctuations within the normal range (Tables S4,S5

and Figure S3A–C). The elevated TB values in the LE group also

explained the observed yellowing of the skin and lips in the pigs

(Figure S1). There were no abnormal changes in erythrocytes and hae-

moglobin following LE application (Figure S2C,E). This suggests that

LE did not induce hemolysis in Bama minipigs. The jaundice observed

in the animals was attributed to impaired liver function rather than

hemolysis. Therefore, the combination of jaundice and increased ALT

and AST activities suggests that LE, at the tested dose, had a notable

impact on the liver function of the animals within the LE group. In

summary, the findings suggest that EXE cream was safe for the livers

of Bama minipigs. However, the safety of LE cream for liver function

in these animals warrants further investigation.

3.5 | Effects of the creams on animal urine

After analysing the urine samples of female Bama minipigs, it was

found that the use of EXE cream did not cause any significant changes

in the levels of SG, pH, GLU, WBC, KET, BIL and URO when com-

pared to the normal group or the placebo group (Table S6,

Figure S2G). However, certain minipigs noted fluctuations in NIT,

PRO and BLD levels. These changes were observed in the experimen-

tal and control groups, suggesting that they were unrelated to the

drug but could be attributed to variations in urine collection methods

or possible errors in the assay.

The use of LE cream in minipigs had a minor effect on the urinary

levels of GLU, WBC, KET, SG and pH in the urine of minipigs. How-

ever, notable changes were observed in the NIT, PRO, BLD, BIL and

URO levels. It is worth noting that alterations in NIT and PRO were

also observed in the normal group, suggesting that these changes

were likely unrelated to the drug and could be attributed to sampling

and detection errors. The variation in BLD levels was only present

after 7 days of drug administration and disappeared with the continu-

ation of drug administration. This short-lived abnormal alteration sug-

gests that it was not related to the drug and might be influenced by

other unknown factors. On the other hand, urinary BIL and URO

began to show abnormal levels after 14 days of minipigs being topi-

cally applied with LE cream and persisted throughout the dosing

period. These levels returned to normal after discontinuation of the

drug (Table S7). This pattern strongly suggests that the compound LE

caused the changes in BIL and URO. Abnormal levels of BIL and URO

are typically associated with jaundice and liver injury. The supporting

blood biochemical results have substantiated that LE induces liver

injury and jaundice signs in pigs, explaining the abnormal levels of BIL

and URO in the urine of minipigs in the LE cream group. These find-

ings indicate that the application of EXE cream had no adverse effects

on female Bama minipigs' kidney function. Conversely, the adminis-

tered dose of LE cream impacted the kidney function of the minipigs.

3.6 | Effects of the creams on animal organs

At the end of the study, female Bama minipigs were euthanized, and

their main organs were examined for any gross abnormalities. The

results revealed that no abnormalities in the EXE cream group were

found in any of the examined organs, including the heart, liver, spleen,

lung, kidney and cerebrum (Figures 3D and S4). In contrast, minipigs

in the LE cream group showed emaciation, yellow skin coloration, liver

swelling with a yellowish appearance, spleen enlargement, increased

pulmonary nodules and other abnormal conditions. These pathological

changes were reversible after discontinuing the drug (Figures 3D, S1,

and S4). The results suggest that the tested dose of EXE cream had a

negligible impact on the organ coefficients of minipigs (Figure 3A,C).

Interestingly, an increase in levator ani was observed, which could be

attributed to the androgenic effects of EXE (Figure 3B). On the other

hand, LE cream adversely impacted the minipigs' internal organs. The

organ coefficients of the heart, liver, spleen and kidney in LE-treated

minipigs were significantly higher than those in the normal group of

minipigs (Figure 3C). These findings confirm that the repeated 28-day

administration of EXE cream did not cause any notable adverse

effects on the internal organs of the animals. In contrast, LE cream

caused damage to minipigs' organs, as evidenced by alterations in

organ coefficients.

Tissue sections demonstrate that the EXE cream primarily sup-

pressed the development of mammary glands and caused minimal

pathological impact in other tissues (Figures 4, S5, and S6). This is sup-

posedly because EXE is an aromatase inhibitor and reduces oestrogen

production.32 On the other hand, LE cream substantially damaged

several organs in Bama minipigs, including the aorta, liver, kidney,

bladder and lungs. However, the immune, nervous and endocrine sys-

tems remained unaffected (Figures 4, S5, and S6). Both LE and EXE
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F IGURE 3 Toxicological evaluation of EXE and LE creams in Bama minipigs. (A) A scheme for assessing the toxicity of EXE and LE creams. (B,
C) Relative organ weights of minipigs. (D) Gross anatomical photograph of minipigs. The upper images illustrate the general shape of pigs, while
the lower images represent the state of their internal organs. The red box represents a typical liver with abnormalities. The green box represents a
liver recovered 3 weeks after LE cream treatment. N, Normal, pigs without any treatment. P, each pig received 1440 mg/kg bw/d of placebo
cream. EXE, each pig received 1440 mg/kg bw/d of EXE cream. LE, each pig received 1440 mg/kg bw/d of LE cream.
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cream exhibited inhibitory effects on the growth of mammary glands

in female Bama minipigs (Figure S5). These findings indicate that EXE

cream is non-toxic at the tested dose. However, the LE cream, at a

dose of 1440 mg/kg bw/d, exhibited toxic effects on pigs. Further

investigation is necessary to determine a safe concentration for the

topical application of LE cream.

3.7 | The anti-breast cancer effects of the creams

We evaluated the effectiveness of EXE and LE creams in treating

breast cancer in female rats that had been induced with DMBA. The

rats with breast cancer underwent ovariectomy, and the tumours were

topically treated with EXE or LE creams (Figure 5A). The rats treated

with EXE and LE creams regained weight throughout treatment, while

the placebo group exhibited gradual weight loss (Figure 5B). The differ-

ence in body weights between the experimental and control rats was

significant (p < 0.01). As expected, the tumours in the control placebo

group increased in size. In contrast, treatment with EXE or LE resulted

in a growth arrest of the tumours (Figures 5C and S7A,B). At the onset

of treatment, the mean tumour count for all groups was 1.1 ± 0.12

tumours per rat. After 28 days of treatment, the tumour counts were

4.3 ± 0.87 for the control group, 1.3 ± 0.23 for the group treated with

EXE and 1.1 ± 0.12 for the group treated with LE (Figure 5D). EXE and

LE creams significantly reduced the number of new tumours compared

to the control group at the end of the treatment period (p < 0.01 for

both EXE and LE). Further studies found that the application of two

separate aromatase inhibitor creams significantly reduced the level of

oestrogen E1 in adipose tissue of breast. However, the amount of oes-

trogen E2 in this tissue remained unchanged, and there was no impact

on the levels of both estrogens in the blood (Figure S8). It is worth not-

ing that oestrogen E1 has been associated with the promotion of breast

cancer progression.33 These findings indicate that both EXE and LE

creams, administered at a dose of 125 mg/kg bw/d, can significantly

inhibit the growth of breast tumours and control their number by

reducing the content of E1. Despite observing damage to animal organs

at a dosage of 1440 mg/kg bw/d, we employed a lower dosage of

125 mg/kg bw/d to assess the anti-tumour effect of LE cream. The

reduction in tumours was not accompanied by any significant adverse

effects, as evidenced by the absence of abnormal changes in the inter-

nal organs of rats.

3.8 | Estimation of the androgenic activities of the
transdermal creams

Our previous studies have demonstrated that EXE exerts inhibitory

effects on breast cancer progression by activating androgen

F IGURE 4 Histopathological examination of minipig organs. Sections observed at 400�, or 100� (lung) magnification. Histological structures
were observed for the circulatory system (heart and aorta), hepatobiliary system (liver and cholecyst), urinary system (kidney and bladder), and
respiratory system (lung). Scale bar: 10 or 30 μm (lung). N, Normal, pigs without any treatment. P, each pig received 1440 mg/kg bw/d of placebo
cream. EXE, each pig received 1440 mg/kg bw/d of EXE cream. LE, each pig received 1440 mg/kg bw/d of LE cream. LE-R, recovery continued
for an additional 3 weeks after day 28 in the minipigs from the LE group.

8 of 11 GAO ET AL.



receptors.22 To evaluate the androgenic activity of the creams, we

conducted the classic Hershberger assay (Figure 6A). We used testos-

terone propionate (TP) as a positive control to restore the impact of

castration on the prostate, seminal vesicle and levator ani. We also

employed the anti-androgen flutamide (FLU) to prevent this effect

(Figure 6B–E). Our results showed that EXE cream at a dose of

125 mg/kg bw/d had a moderate androgenic and anabolic effect,

whereas LE and placebo cream at the same dose did not have any

F IGURE 5 The effects of the
creams on breast cancer.
(A) Schematic illustration of
experimental schedule.
(B) Relative body weights of rats
in each group. (C) Tumour growth
curve. (D) Average total tumour
number per rat in each group.
Each rat received 125 mg/kg

bw/d of placebo cream without
drug-treated animals. EXE, each
rat received 125 mg/kg bw/d of
EXE cream. LE, each pig received
125 mg/kg bw/d of LE cream.

F IGURE 6 Evaluation of the

androgenic activities of the
creams. (A) Schematic illustration
of experimental schedule. (B) Size
and shape of the prostate,
seminal vesicle, and levator ani at
the end of the treatment period.
(C–E) The wet weight of the
organs. The numbers at the end
of the abbreviations correspond
to the dose of the animal in
mg/kg bw/d. Flutamide was given
by gavage (10 mg/kg bw/d). FLU,
flutamide; Lev, levator ani; Orchi,
orchiectomized; Pro, prostate;
Sem, seminal vesicle; TP,
testosterone propionate.
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such properties. The androgenic effects of EXE cream were eliminated

by concomitant oral administration of flutamide (Figure 6B–E). These

findings suggested that EXE cream, in addition to its role as an aroma-

tase inhibitor, can also suppress breast cancer growth by activating

androgen receptors though the EXE compound itself, rather than

other components of the cream. In contrast, LE cream solely func-

tioned as an aromatase inhibitor.

4 | CONCLUSION

In summary, we developed a nanoemulsion-based transdermal cream

as a carrier for third-generation aromatase inhibitors EXE and LE. We

evaluated their toxicity, anti-breast cancer effects and androgenic

activity in preclinical animal models. When administrated to Bama

minipigs at a dosage of 1440 mg/kg bw/d, the EXE cream exhibited

no toxicity, while the LE cream caused inflammation, liver function

injury and jaundice in animals. Further investigation is necessary to

determine the optimal dose for the LE cream. Moreover, administering

both creams at a dosage of 125 mg/kg bw/d to rats with breast can-

cer significantly suppressed tumour growth and reduced the number

of tumours. The results of the Hershberger assay revealed that the

EXE cream exhibited a moderate androgenic effect, while the LE

cream did not. The androgenic activity of the EXE cream partially elu-

cidated its mechanism of action as an anti-breast cancer agent. Our

study suggests that the transdermal cream delivery system suits ste-

roidal (EXE) and non-steroidal (LE) aromatase inhibitors. Compared to

traditional oral dosage forms, direct transdermal local delivery of aro-

matase inhibitors to breast tumours offers several advantages. It

shortens the time and transport pathway for the drug to reach its

intended target and bypasses the metabolism and transport processes

within the animal system. This, in turn, increases the concentration of

the active ingredient in breast tumours. Consequently, the utilization

of the drug becomes more efficient and the efficacy and duration of

its action are enhanced. In addition, this method of delivery reduces

the toxicity associated with drug absorption and metabolism through

the gastrointestinal tract. This study lays the foundation for the safe

clinical application of transdermal creams containing third-generation

aromatase inhibitors, which offer potential advantages over traditional

oral administration.

AUTHOR CONTRIBUTIONS

Lanyang Gao: Conceptualization, methodology, writing–original draft

preparation. Yingying Liu: Validation, writing–reviewing and editing.

Shiyao Huang: Data analysis, writing–original draft preparation.

Lei Sun: Writing–reviewing, software. Ziming Wu: Writing–reviewing

and editing, software. Mei Li: Writing–reviewing. Chen Shen:

Writing–reviewing. Youyou Chen: Methodology. Ruihao Tan: Visuali-

zation. Lin Gao: Writing–reviewing. Yuji Chen: Data analysis. Frank

Heinrich Wieland: Conceptualization, writing–reviewing and supervi-

sion. Yinan Zhang: Conceptualization, writing–reviewing and editing,

supervision. Yao Luo: Conceptualization, writing–reviewing and

editing, supervision.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Foundation

of China (82003262, 22207085), Scientific Research Project of the

Education Department of Sichuan Province (17ZA0436), Science and

Technology Foundation of Sichuan Province, China (2022YFS0095,

2022YFS0625, 2024NSFSC1922). This work was grateful for the sup-

port of the Department of Pharmacy, the affiliated hospital of South-

west Medical University. We thank Xiaoting Chen from the Animal

Experimental Center of West China Hospital for technical assistance

in animal experiments. We also thank Prof. Shanling Wang at the Ana-

lytical & Testing Centre, Sichuan University (electron microscopy sys-

tem) for instrument support and technical assistance during data

collection.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Lanyang Gao https://orcid.org/0000-0001-9211-8468

Yao Luo https://orcid.org/0000-0002-4542-3504

REFERENCES

1. Bajetta E, Zilembo N, Dowsett M, et al. Double-blind, randomised,

multicentre endocrine trial comparing two letrozole doses, in post-

menopausal breast cancer patients. Eur J Cancer. 1999;35(2):208-213.

2. Del Mastro L, Mansutti M, Bisagni G, et al. Extended therapy with

letrozole as adjuvant treatment of postmenopausal patients

with early-stage breast cancer: a multicentre, open-label, randomised,

phase 3 trial. Lancet Oncol. 2021;22(10):1458-1467.

3. Johannessen DC, Engan T, Di Salle E, et al. Endocrine and clinical

effects of exemestane (PNU 155971), a novel steroidal aromatase

inhibitor, in postmenopausal breast cancer patients: a phase I study.

Clin Cancer Res. 1997;3(7):1101-1108.

4. Serrano D, Gandini S, Thomas P, et al. Efficacy of alternative dose reg-

imens of exemestane in postmenopausal women with stage 0 to II

estrogen receptor-positive breast cancer: a randomized clinical trial.

JAMA Oncol. 2023;9(5):664-672.

5. Pagani O, Walley BA, Fleming GF, et al. Adjuvant exemestane with

ovarian suppression in premenopausal breast cancer: long-term

follow-up of the combined TEXT and SOFT trials. J Clin Oncol. 2023;

41(7):1376-1382.

6. Hortobagyi GN, Stemmer SM, Burris HA, et al. Overall survival with

Ribociclib plus Letrozole in advanced breast cancer. N Engl J Med.

2022;386(10):942-950.

7. Valle M, di Salle E, Jannuzzo MG, et al. A predictive model for exe-

mestane pharmacokinetics/pharmacodynamics incorporating the

effect of food and formulation. Br J Clin Pharmacol. 2005;59(3):

355-364.

8. Traina TA, Poggesi I, Robson M, et al. Pharmacokinetics and tolerabil-

ity of exemestane in combination with raloxifene in postmenopausal

women with a history of breast cancer. Breast Cancer Res Treat. 2008;

111(2):377-388.

9. Kukobat R, Skrbic R, Vallejos-Burgos F, et al. Enhanced dissolution of

anticancer drug letrozole from mesoporous zeolite clinoptilolite.

J Colloid Interface Sci. 2024;653:170-178.

10 of 11 GAO ET AL.

https://orcid.org/0000-0001-9211-8468
https://orcid.org/0000-0001-9211-8468
https://orcid.org/0000-0002-4542-3504
https://orcid.org/0000-0002-4542-3504


10. Liu H, Chen X, Jia Y, et al. Facing inevitable PARPis resistance: mecha-

nisms and therapeutic strategies for breast cancer treatment. Interdis-

cip Med. 2023;1(2):e20220013.

11. Gerken P. Letrozole (Femara). Clin J Oncol Nurs. 2004;8(3):314-315.

12. Prausnitz MR, Langer R. Transdermal drug delivery. Nat Biotechnol.

2008;26(11):1261-1268.

13. Chakraborty A, Alexander S, Luo W, et al. Engineering multifunctional

adhesive hydrogel patches for biomedical applications. Interdiscip

Med. 2023;1(4):e20230008.

14. He J, Chen W, Chen X, et al. Tetrahedral framework nucleic acid

loaded with glabridin: a transdermal delivery system applicated to

anti-hyperpigmentation. Cell Prolifer. 2023;56(12): e13495.

15. Phatale V, Vaiphei KK, Jha S, Patil D, Agrawal M, Alexander A. Over-

coming skin barriers through advanced transdermal drug delivery

approaches. J Control Release. 2022;351:361-380.

16. Gao L, Zhu L, Shen C, et al. The transdermal cream of formestane

anti-breast cancer by controlling PI3K-Akt pathway and the tumor

immune microenvironment. Front Immunol. 2023;14:1041525.

17. Huang S, Wu Z, Chen Y, et al. Dermal repeated dose toxicity study of

the anti-breast cancer drug Formestane cream in Bama minipig. Food

Chem Toxicol. 2023;178:113927.

18. Lonning PE. The potency and clinical efficacy of aromatase inhibitors

across the breast cancer continuum. Ann Oncol. 2011;22(3):503-514.

19. NMPA. Technical Guidelines for Repeated Drug Administration Toxicity

Testing. The National Medical Products Administration; 2014 https://

www.nmpa.gov.cn/directory/web/nmpa/xxgk/ggtg/qtggtg/2014051

3120001448.html

20. Brodie AM, Garrett WM, Hendrickson JR, Tsai-Morris CH. Effects of

aromatase inhibitor 4-hydroxyandrostenedione and other compounds

in the 7, 12-dimethylbenz(a)anthracene-induced breast carcinoma

model. Cancer Res. 1982;42(8):3360-3364.

21. Yamasaki K, Sawaki M, Ohta R, et al. OECD validation of the Hersh-

berger assay in Japan: phase 2 dose response of methyltestosterone,

vinclozolin, and p,p'-DDE. Environ Health Perspect. 2003;111(16):

1912-1919.

22. Gao L, Bao Z, Deng H, et al. The beneficial androgenic action of ste-

roidal aromatase inactivators in estrogen-dependent breast cancer

after failure of nonsteroidal drugs. Cell Death Dis. 2019;10(7):494.

23. Gu Y, Yang M, Tang X, et al. Lipid nanoparticles loading triptolide for

transdermal delivery: mechanisms of penetration enhancement and

transport properties. J Nanobiotechnol. 2018;16(1):68.

24. Gomes MJ, Martins S, Ferreira D, Segundo MA, Reis S. Lipid nanopar-

ticles for topical and transdermal application for alopecia treatment:

development, physicochemical characterization, and in vitro release

and penetration studies. Int J Nanomed. 2014;9:1231-1242.

25. Luo Y, Han Y, Hu X, et al. Live-cell imaging of octaarginine-modified

polymer dots via single particle tracking. Cell Prolif. 2019;52(2):

e12556.

26. Lei H, Pei Z, Jiang C, Cheng L. Recent progress of metal-based nano-

materials with anti-tumor biological effects for enhanced cancer ther-

apy. Exp Dermatol. 2023;3(5):20220001.

27. Buzdar AU, Robertson JF, Eiermann W, Nabholtz JM. An overview of

the pharmacology and pharmacokinetics of the newer generation aro-

matase inhibitors anastrozole, letrozole, and exemestane. Cancer.

2002;95(9):2006-2016.

28. Ashafa AO, Orekoya LO, Yakubu MT. Toxicity profile of ethanolic

extract of Azadirachta indica stem bark in male Wistar rats. Asian Pac

J Trop Biomed. 2012;2(10):811-817.

29. Maronpot R, Ramot Y, Nyska A, et al. Chronic toxicity and carcinoge-

nicity study of dietary gardenia blue in Sprague Dawley rats. Food

Chem Toxicol. 2023;176:113734.

30. Mohammed RS, Aadim KA, Ahmed KA. Histological, haematological,

and thyroid hormones toxicity of female rats orally exposed to CuO/-

ZnO core/shell nanoparticles synthesized by Ar plasma jets. Arch Tox-

icol. 2023;97(4):1017-1031.

31. Gharia B, Seegobin K, Maharaj S, Marji N, Deutch A, Zuberi L. Letro-

zole-induced hepatitis with autoimmune features: a rare adverse drug

reaction with review of the relevant literature. Oxf Med Case Rep.

2017;2017(11):omx074.

32. Hannan FM, Elajnaf T, Vandenberg LN, Kennedy SH, Thakker RV.

Hormonal regulation of mammary gland development and lactation.

Nat Rev Endocrinol. 2023;19(1):46-61.

33. Qureshi R, Picon-Ruiz M, Aurrekoetxea-Rodriguez I, et al. The major

pre- and postmenopausal estrogens play opposing roles in obesity-

driven mammary inflammation and breast cancer development. Cell

Metab. 2020;31(6):1154-1172.e1-e9.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Gao L, Gao L, Huang S, et al.

Nanoemulsion-based transdermal delivery of third-generation

steroidal and non-steroidal aromatase inhibitors in preclinical

models. Cell Prolif. 2025;58(3):e13753. doi:10.1111/cpr.13753

GAO ET AL. 11 of 11

https://www.nmpa.gov.cn/directory/web/nmpa/xxgk/ggtg/qtggtg/20140513120001448.html
https://www.nmpa.gov.cn/directory/web/nmpa/xxgk/ggtg/qtggtg/20140513120001448.html
https://www.nmpa.gov.cn/directory/web/nmpa/xxgk/ggtg/qtggtg/20140513120001448.html
info:doi/10.1111/cpr.13753

	Nanoemulsion‐based transdermal delivery of third‐generation steroidal and non‐steroidal aromatase inhibitors in preclinical...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Structural characterization of the creams
	2.2  Toxicological evaluation
	2.3  Evaluation of the anti‐breast cancer effect
	2.4  Evaluation of the androgenic activities
	2.5  Statistical analysis

	3  RESULTS AND DISCUSSION
	3.1  Schematic illustration of the assessments of EXE and LE creams in animal models
	3.2  Characterization of the creams
	3.3  Effects of the creams on animal symptoms
	3.4  Effects of the creams on animal haematology and clinical chemistry
	3.5  Effects of the creams on animal urine
	3.6  Effects of the creams on animal organs
	3.7  The anti‐breast cancer effects of the creams
	3.8  Estimation of the androgenic activities of the transdermal creams

	4  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


