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Cerium N-acetyl-6-aminohexanoate (laboratory name LHT-8-17) as a 10 mg/mL aqueous spray was used as wound

experimental topical therapy. LHT-8-17 4 mg twice daily accelerated linear and planar wounds healing in animals with type

1 and type 2 diabetes. The formulation topical application depressed tissue TNF-a, IL-1b level, and oxidative reactions

activity along with sustaining both IL-10 concentration and antioxidant capacity. LHT-8-17 induced Ki-67 positivity of

fibroblasts and pro-keratinocytes, upregulated FGFR3 gene expression, and increased tissue vascularization. The

formulation possessed anti-microbial property.
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1. Introduction

A therapeutic approach to diabetic wound healing is one of the most challenging problems nowadays . Worldwide,

diabetic foot ulcer as a most common diabetes mellitus (DM) complication has a deteriorating impact on humans and

society due to quality of life stagnation, a high rate of disability, and financial and economic burdens. Epidemiological

studies report about a 25% life-time risk of foot ulceration in the diabetic population with approximately 24% of all health

care expenses related to diabetic foot complications .

Disturbances of skin integrity may occur as an outcome of the general disease course, traumatic injury or surgical

manipulations. The type of metabolic disorder also plays a key role in diabetic wound development and progression .

Delay and difficulties in diabetic wound reparation are strongly associated with molecular, cellular, and tissue changes at

different stages of the healing process. They involve particularities of inflammatory regulation, vascularization of newly-

developing tissues, and cellular differentiation and growth . Molecular signaling and cellular cooperation limit the

timing of healing completion, orchestrate the direction of reparation (substitution or restitution), and determine both the

structure and stability of the forming scar . Bacterial contamination of skin defects advances the damage severity that

needs additional intervention and care . Hence, current treatment options for diabetic wound healing require

multidisciplinary solutions including surgery and non-surgical applications. Topical application of pharmacological agents

or formulation is used to treat inflammation, for reparation, and to prevent microbial contamination.

Cerium, a metal of the lanthanoid group, possesses a broad range of pharmacological properties . As an oxide and

an organic salt, it demonstrates antimicrobial and regenerative activity, especially in burning soft tissue damage .

Recent studies demonstrated the high potency of metal-containing compounds to control oxidative stress and modulate

neurotransmission . N-Acethyl-6-aminohexanoic (ε-aminocaproic) acid has long been known for its antifibrinolytic

activity .

2. LHT-8-17 In Vivo Cell Toxicity

First, LHT-8-17 toxicity against human epidermal cells was studied (Figure 1). Within concentrations that ranged from 0 to

30 mg/mL, cellular metabolic activity was maintained at about the control level. An increase in the LHT-8-17 concentration

in the incubating medium from 30 to 90 µg/mL led to progredient depression of cellular metabolic activity in a

concentration-dependent manner.
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Figure 1. Metabolic activity of skin epidermal cells exposed to different concentrations of cerium-containing N-acethyl-6-

aminohexanoic acid compound (LHT-8-17) in MTT assay. Data presented as a percentage of the cell viability in the

control, median ± SD.

3. Efficacy of LHT-8-17 in Healing Linear Wounds

Twenty-one days after the beginning of the experimental treatment of diabetic rat’s skin linear wound, we assessed the

efficacy of the cerium-containing formulation. The firmness of each scar was evaluated by registering the power for

avulsion of the tissue conjunction formed within the treatment period. As presented in Figure 2, the median power needed

to rupture the scar in the control was 283 g/cm; the index value for D-panthenol was 374 g/cm (p = 0.001 compared with

the control), while in the LHT-8-17 group, it was 415 g/cm (p = 0.001 compared with the control and p = 0.02 compared

with D-panthenol). All scar-related indexes in the study groups were inferior to the value of the power that ruptured intact

skin (p = 0.001).

Figure 2. Quantitative evaluation of the skin linear scar firmness in diabetic rats (n = 6 in each group). P (g/cm)—the

power needed to rupture the formed scar, presented as the median ± SD. Significant differences were assessed by

ANOVA and Tukey tests.

4. Efficacy of LHT-8-17 in Healing Non-Infected Planar Wounds

We then assessed the healing efficacy of LHT-8-17 based on the model of the experimental non-infected planar wound in

T1D and T2D mice. Figure 3 and Table 1 show a dynamic wound area decrease in the study groups. The duration

regarding the wound area with a full reduction in control mice with T1D averaged at 23.7 ± 1.3 days, whereas in mice

treated with D-panthenol spray and LHT-8-17 spray, it ranged from 17.8 ± 1.1 to 16.3 ± 0.7 days, respectively (p < 0.05 in

comparison with the control). We also observed the largest scar area, which was calipered on the day of complete wound

closure in the control rather than in the treatment groups (p < 0.05).



Figure 3. Healing of non-infected planar wounds treated with PBS (control), D-panthenol, and LHT-8-17 for db/db mice

treated with T2D.

Table 1. The dynamics of non-infected wound areas (% of initial area’s square) in streptozotocin-induced (T1D) and db/db
(T2D) mice, topically treated with 4 mg LHT-8-17 and 4 mg D-panthenol as a spray twice daily, mean ± SD.

Study
Group

Wound Area, % of Initial Area’s Square
Average Time of Full Wound
Healing, Days

Scar Area *,
mmInitial

Wound Day 10 Day 15 Day
20

Day
25

Day
30

C57Bl  mice with T1D

Control n = 20
100 ± 0

n = 15
55 ± 2

n = 10
32 ± 3

n = 5
9 ± 4

n = 5
0 ± 0

n = 5
0 ± 0 23.7 ± 1.3 56 ± 4

D-
Panthenol

n = 20
100 ± 0

n = 15
25 ± 3 n = 10

6 ± 4 
n = 5

0 ± 0 
n = 5
0 ± 0

n = 5
0 ± 0 17.8 ± 1.1 39 ± 3 

LHT-8-17 n = 20
100 ± 0

n = 15
21 ± 4 n = 10

5 ± 3 
n = 5

0 ± 0 
n = 5
0 ± 0

n = 5
0 ± 0 16.3 ± 0.7 39 ± 4 

db/db mice with T2D

Control n = 20
100 ± 0

n = 15
70 ± 4

n = 10
42 ± 5

n = 5
13 ± 4

n = 5
7 ± 3

n = 5
0 ± 0 28.5 ± 1.5 74 ± 4

D-
Panthenol

n = 20
100 ± 0

n = 15
76 ± 3

n = 10
35 ± 4

n = 5
16 ± 3

n = 5
5 ± 3

n = 5
0 ± 0 27.7 ± 1.1 56 ± 3 

LHT-8-17 n = 20
100 ± 0

n = 15
33 ± 4

n = 10
21 ± 3

n = 5
5 ± 2

n = 5
0 ± 0 n = 5

0 ± 0 22.3 ± 1.0 43 ± 4 

Note:  p < 0.05 compared with the control group,  p < 0.05 compared with D-panthenol (ANOVA and Tukey criterion); *

scar area was calipered on the day of complete wound closure.

Full self-covering of planar skin defect in control mice with T2D was completed in 28.5 ± 1.5 days and left a 74 ± 4 mm

scar. Both values surpassed similar ones in the case of the T1D control. Local application of 4 mg D-panthenol twice daily

for 20 days did not accelerate the wound covering, but resulted in a reduction of the scar area from 74 ± 4 mm  to 56 ± 3

mm  (p = 0.005). In contrast, spraying of LHT-8-17 at an equal dose accelerated wound healing to 22.3 ± 1.0 days (p =

0.01 in comparison with both the control and D-panthenol) and decreased the scar area.

Comparative and dynamic evaluation of wound histology showed sufficient differences among study groups dependent on

the diabetic model (Figure 4). Thus, wound healing in the control with acute streptozotocin-induced DM was

morphologically presented as an inflammation in the non-infected skin defect with edema, lymphoid, and histiocyte tissue

infiltration on days 5–10 with the formation of coarse connective tissue scar by day 25 as an outcome. Van Geison’s

staining revealed massive collagen expansion as a focus of aseptic inflammation from day 10 of the pathology onset

(Figure 5). Both treatment options allowed the prevention of the inflammatory transformation of the process; instead, we

observed primary epithelization of the skin defect by day 15 with low intensity of collagen production. In a study with

chronic T2D, wound histology of control animals evolved the same way as that in the case of T1D but more slowly (Figure

2, Table 1). Topical application of LHT-8-17 induced leukocyte prevalence in the inflammatory focus with more rapid
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clearance of necrotic debris from the wound. A high intensity of collagen production was observed from day 10. The

forming scar was more fragile in comparison with both the control and reference pharmacological agent.

Figure 4. Micromorphology of repairing diabetic wound treated with LHT-8-17, db/db mice: hematoxylin and eosin, first

line in each section—100×, second line in each section—400× (n = 5 in each subgroup). In control: on day 5, the wound

bottom is covered by thick dense fibrin with many neutrophils in deep layers (black arrow) while the underlying layer has

proliferating fibroblasts (red arrow); on day 10, the wound base is covered by immature granulation tissue, with a

superficial thin layer of loose fibrin highly infiltrated by neutrophils (black arrow); underlying deep layers are infiltrated by

macrophages, mast cells, lymphocytes, and fibroblasts involving subcutaneous fat tissue (red arrow); on day 15, the

wound base central part is covered by fibrin threads, and slight epithelialization is developing on the periphery (black

arrow); a thin layer of granulation tissue consists of macrophages, lymphocytes, and some neutrophils (red arrow). In the

D-panthenol group: on day 5, thick fibrin with leukocytes covers the wound base, and an underlying thick layer of

granulation tissue extends to the fascia propria (black arrow); granulation tissue contains macrophages and lymphocytes,

parallel oriented oval and spindle shaped fibroblasts, numerous engorged capillaries (red arrow); on day 10, the wound

base is covered by fibrin threads with underlying immature granulation tissue characterized by cell infiltrate and numerous

engorged capillaries, some of which have a vertical orientation, oval and spindle shaped fibroblasts (black arrow); diffuse

neutrophilic and lympho-macrophage infiltration is noted (red arrow); on day 15, the wound epithelization is developed

(black arrow), and the underlying dermis contain mature collagen fibers (red arrow). In the LHT-8-17 group: thin fibrin with

leukocytes covers the wound base, and an underlying thick layer of granulation tissue extends to subcutaneous fat tissue

(black arrow); granulation tissue consists of cell infiltrate (macrophages, lymphocytes, and neutrophils) and numerous

engorged vertically oriented capillaries, as well as parallel-oriented oval and spindle shaped fibroblasts (red arrow); on

day 10, epithelization is developing on the wound periphery, and mature granulation tissue is characterized by cell

infiltrate, numerous vertically oriented engorged capillaries, and parallel oriented spindle shaped fibroblasts (black arrow);

diffuse light neutrophilic and lympho-macrophage infiltration is noted (red arrow); on day 15, the wound epithelization is

developed (black arrow), and the underlying dermis contains mature collagen fibers (red arrow).



Figure 5. Van Geison’s staining of diabetic wound sections on days 10 and 15 of experimental topical therapy with LHT-8-

17, db/db mice, 400× (n = 5 in each subgroup). Arrows point out positively-stained collagen. Thin and chaotically oriented

collagen fascicles intrude muscular and fat layers in the control. Topical application of D-panthenol leads to the formation

of a compact collagen layer. In the LHT-8–17 group on day 10, big masses of collagen fascicles form a single layer that

transforms to a fibrotic condition by day 15.

We then assessed whether LHT-8-17 targeted the intensity of wound inflammation in diabetic animals by determining

TNF-α, IL-1β, and IL-10 tissue concentrations (Figure 6). Tissue levels of both pro-inflammatory and resolutery cytokines

were determined at the same time point due to sufficient extension of the inflammatory phase of wound healing in diabetic

mice accompanied by overregulation of pro-inflammatory signaling . In the model of T1D (Figure 6A), by day 5 of the

experiment, the TNF-α concentration in wound tissue increased to 25 ± 4 pg/g (p = 0.001 in comparison with intact skin).

We measured congruous elevation of the IL-1β tissue level accompanied by depression of the IL-10 concentration (p =

0.001). In the group of LHT-8-17-treated animals, the TNF-α tissue concentration averaged 12 ± 1 pg/g, the IL-1β level did

not exceed 15 ± 2 pg/g, while the IL-10 concentration reached 12 ± 2 pg/g.

Figure 6. TNF-α, IL-1β, and IL-10 tissue levels on day 5 of wound reparation under topical treatment with LHT-8-17 and

the reference medication. Significance of differences was estimated using ANOVA and the Tukey criterion. (A) animals

with type 1 of DM; (B) animals with type 2 of DM.

In the control group of animals with type 2 diabetes, both pro-inflammatory cytokine tissue levels were inferior to that of

the T1D control group (Figure 6B). While D-panthenol did not address the TNF-α, IL-1β, and IL-10 imbalance, LHT-8-17

partly prevented TNF-α and IL-1β elevation (p = 0.001 compared with the control) and IL-10 depression (p = 0.005

compared with the control and D-panthenol).

We then evaluated the oxidative status of wound tissues on days 5 and 10 (Table 2) using Fe-induced

chemiluminescence. First, wound tissue oxidative status was assessed in the T1D model. On day 5, the LOSA level in

wound tissue increased more than twice compared with intact skin (Table 2) whereas TAC proportionally decreased. By

day 10, the LOSA level gradually decreased to 6.7 ± 0.3 imp/s, and TAC increased to 1.7 ± 0.2 imp/s. Total application of

D-panthenol impacted oxidative stress intensity at both checking points (p < 0.05 compared with the control), but had no

influence on the tissue antioxidant capacity. In contrast, spraying of 4 mg LHT-8-17 twice daily along with tissue LOSA

suppression led to significant TAC elevation up to 2.1 ± 0.3 imp/s (p < 0.05 compared with the control) on day 5 and then

to 2.7 ± 0.2 imp/s on day 10 (p < 0.05 compared with the control and reference drug).

Table 2. Local oxidative stress activity (LOSA) and total antioxidant capacity (TAC) of wound tissue of diabetic mice

topically treated with LHT-8-17.

Study Group

Fe-Induced Chemiluminescence, ×10  imp/s

Day 5 Day 10

LOSA TAC LOSA TAC

T1D model (n = 5 in each subgroup)

Intact skin 2.7 ± 0.3 3.3 ± 0.2 3.0 ± 0.2 3.1 ± 0.3

Control 8.3 ± 0.4 * 1.0 ± 0.2 * 6.7 ± 0.3 * 1.7 ± 0.2 *

D-panthenol 6.6 ± 0.3 * 1.7 ± 0.4 * 4.3 ± 0.4 * 1.9 ± 0.3 *
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Study Group

Fe-Induced Chemiluminescence, ×10  imp/s

Day 5 Day 10

LOSA TAC LOSA TAC

LHT-8-17 5.2 ± 0.2 * 2.1 ± 0.3 * 4.2 ± 0.3 * 2.7 ± 0.2 

T2D model (n = 5 in each subgroup)

Intact skin 3.1 ± 0.3 2.9 ± 0.4 3.7 ± 0.3 2.4 ± 0.4

Control 12.7 ± 0.4 * 0.5 ± 0.1 * 11.8 ± 0.5 * 0.7 ± 0.2 *

D-panthenol 9.4 ± 0.3 * 1.3 ± 0.3 * 8.9 ± 0.4 * 1.5 ± 0.3 

LHT-8-17 8.3 ± 0.5 * 1.9 ± 0.2 * 6.3 ± 0.3 * 2.2 ± 0.1 

Note: p < 0.05 * compared with intact skin;  compared with appropriate control;  compared with D-panthenol (ANOVA;

Tukey criterion).

The LOSA level in wound tissue of T2D db/db mice averaged 12.7 ± 0.4 imp/s on day 5 of the observation and remained

elevated by day 10. It was associated with deep depression of TAC. The reference drug partly prevented LOSA growth on

days 5 and 10 (p < 0.05 compared with the control) and induced TAC on both days of the observation. In the LHT-8-17

group, we registered proportional depression of tissue LOSA accompanied by TAC induction. The changes were similar to

the D-panthenol group, but more pronounced on day 10 of the experiment.

We then assessed the vascular density of the repairing diabetic wound on day 5 of the experiment onset. It was

previously demostrated that endothelial cells expressed CD34; hence, to assess whether LHT-8-17 influenced micro-

vessels’ intervention into the wound bed, two randomly chosen fields of tissue section stained by anti-CD34 antibody were

evaluated (Figure 7). Topical application of LHT-8-17 stimulated vascularization of newly-developing tissues in the wound

bed, and number of micro-vessels in the study group was 14.9 ± 0.7 per two high-power fields vs. 8.3 ± 0.3 in the T1D

control (p = 0.001). In the model of type 2 diabetes mellitus, the depression of angiogenesis in the control group was even

deeper (4.2 ± 0.2), while in the study group, the index averaged at 13.7 ± 0.3 (p = 0.001 compared with the control).
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Figure 7. Vascular density and CD34+ expression status in wound tissues of animals with T1D and T2D topically treated

with 4 mg LHT-8-17 twice daily, on day 10 of the observation: (A,B)—T1D and T2D models; micro-vessel number per

specimen is presented as the median ± SD, significance of differences was estimated using ANOVA and the Tukey

criterion; wound tissue sections stained by rabbit monoclonal anti-CD34 antibody, IHC, 400×.

Fibroblast intervention in the wound bottom reflects the velocity of fresh granulation development. The process is

regulated by FGF/FGFR signaling . We then assessed the FGFR3 gene transcript expression as a percentage of the

ACTB housekeeping gene mRNA concentration. The marker expression was evaluated in fresh granulations that

infiltrated the wound bed on day 10 of the experimental therapy with LHT-8-17 (Figure 8). Connective tissue of both types

of diabetic wounds was characterized by low FGFR3 gene expression by day 10 of reparation with the greatest

depression in wounded db/db mice. Topical treatment with cerium N-acetyl-6-aminohexanoate spray led to significant

elevation of the expression up to 1.73 ± 0.4% in the model of T1D (p = 0.001 compared with the control), and to 1.05 ±

0.2% in the T2D model (p = 0.005 compared with the control).

Figure 8. FGFR3 gene transcript expression as a percentage of the ACTB housekeeping gene mRNA concentration in

fresh granulations on the day of experimental treatment with LHT-8-17. Data are presented as the median ± SD;

significance of differences was estimated using ANOVA and the Tukey criterion.

As recently shown, cellular Ki-67 positivity correlated with the proliferative potency of tissues during the regenerative

stage of wound healing . The influence of LHT-8-17 on the wound bed cell proliferation was assessed by Ki-67

expression on day 10 of the observation (Figure 9). In the T1D control, only 6.7 ± 0.4% of cells that populated the wound

bed displayed Ki-67 positivity. Anti-Ki-67-stained cells were presented largely by fibroblasts, while the keratinocyte

population contained single stained cells. Local application of the cerium-containing formulation led to increased Ki-67 cell

positivity up to 13.9 ± 0.3% (p = 0.001 compared with the control), with sufficient input of epidermal progenitors. The

proliferation status of wound bed cells in the T2D control was registered at 4.1 ± 0.3%. Both LHT-8-17 and the reference

drug induced proliferation of keratinocytes to 11.4 ± 0.3% and 9.2 ± 0.2% (p = 0.001 compared with the control) by day 10

of topical treatment.
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Figure 9. Cellular Ki-67 expression status in wound tissues of animals with T1D and T2D topically treated with 4 mg

cerium-containing formulation twice daily, on day 10 of the observation: (A,B)—T1D and T2D models; quantitative

estimation of Ki67 cell positivity presented as the median ± SD; significance of differences was estimated using ANOVA

and the Tukey criterion; wound tissue sections stained by rabbit monoclonal anti-Ki-67 antibody, IHC, 400×.

5. Antimicrobial Property of LHT-8-17

Microbicide action of LHT-8-17 was assessed in homogenates of tissues taken from previously infected and topically

treated wounds in type 2 diabetic mice. We analyzed the log of number of S. aureus colonies per g of specific medium

during wound reparation (Figure 10). In the control group, wound contamination decreased from 7.2 (log CFU/g) at the

outbreak of the experimental pathology to 2.9 by day 15 of observation. Reference topical antiseptic chlorhexidine

depressed S. aureus colonization from day 2 of therapy, fully eradicating the wound by day 7 of the observation. LHT-8-17

significantly decreased tissue contamination from day 3 of topical application. Full antimicrobial effect was reached by day

10 of the experimental treatment.

Figure 10. Dynamic S. aureus contamination of experimental diabetic wound tissues, T2D db/db mice; mean ± SD; * p <

0.05 compared with the control,  p < 0.05 compared with chlorhexidine (independent t-test with Bonferroni’s adjustment),

n = 3 at each time point.
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