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Abstract

Cystatin C has been linked to inflammation in other diseases, such as epilepsy and Alzheimer’s 

disease. These studies were designed to investigate whether Cystatin C regulates retinal 

inflammation and permeability. To address this question, we used Cystatin C knockout mice in 

a retinal ischemia/reperfusion model to determine whether Cystatin C regulated retinal damage, 

as well as inflammatory mediators and retinal permeability. To support the mouse work, we also 

used primary retinal endothelial cells cultured in normal and high glucose. Ischemia/reperfusion 

in Cystatin C knockout mice caused increased formation of degenerate capillaries. Loss of 

Cystatin C increased fluorescein leakage in the retina, which was accompanied by reduced levels 

of zonula occludin 1 (ZO-1) and occludin proteins. When REC were grown in high glucose, 

recombinant Cystatin C decreased retinal permeability, while Cystatin C siRNA increased dextran 

flux compared to high glucose alone. Recombinant Cystatin C decreased levels of interleukin-1-

beta (IL-1β) and high mobility group box 1 (HMGB1) levels. In conclusion, loss of Cystatin C 

increased vascular damage in response to ischemia/reperfusion. Cystatin C regulated permeability 

and inflammatory mediators in the retina in response to stressors. Cystatin C offers a new target 

for retinal disease therapeutic development.
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Introduction.

Inflammation in the retina is a component in several diseases, including diabetic retinopathy, 

macular degeneration, and glaucoma. One potential player in regulating retinal inflammation 
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is cystatin C (Kaur et al., 2010; Mi et al., 2007). Cystatin C is a member of the type 2 

cystatin superfamily of cysteine proteases that can be found both inside and outside of cells 

(Paraoan et al., 2010). Cystatin C has been shown to be involved in protein turnover, innate 

immunity, activation of precursor proteins, MHC-II antigen presentation, and apoptosis 

(Paraoan et al., 2010; Zi and Xu, 2018). One of the key functions of cystatin C is the 

regulation of the cathepsins, specifically cathepsin B, D, H, L, and S (Paraoan et al., 2010).

Alterations in cystatin C levels are associated with numerous diseases. Increased cystatin 

C is a marker of kidney disease (Shimizu et al., 2003), and elevated cystatin C levels 

have been noted in models of patients with heart disease (Vigil et al., 2009), breast cancer 

(Zavrsnik et al., 2017), Alzheimer’s (Duan et al., 2018), epilepsy (Pirttila et al., 2005), and 

aortic aneurysms (Liu et al., 2019). Mutations in cystatin C are responsible for the Icelandic 

form of cerebral amyloid angiography (Levy et al., 1989). Work in an Alzheimer’s model 

found that overexpression of cystatin C was able to cause microtubule instability (Duan et 

al., 2018). Others have shown that cystatin C is increased in response to injury, such as 

ischemia, seizure, or epilepsy (Kaur et al., 2010), suggesting that Cystatin C levels may rise 

in response to injury to inhibit negative cathepsin actions. Work has also demonstrated a role 

for cystatin C in metabolic syndrome (Vigil et al., 2009) and insulin resistance (Lee et al., 

2010; Uruska et al., 2014).

Focusing on the eye, a variant form of cystatin C has been linked to age-related macular 

degeneration (Butler et al., 2015; Paraoan et al., 2004). Others have also shown that Cystatin 

C mRNA occurs with a reasonably high abundance in retinal pigmented epithelial (RPE) 

cells (Paraoan et al., 2000), potentially functioning in secretory proteostasis in the RPE 

(Paraoan et al., 2020). Others showed that the addition of advanced glycation end-products 

to human RPE or increased donor age significantly decreased cystatin C levels, suggesting 

age-related changes in cystatin C actions in the RPE (Kay et al., 2014). Other studies have 

shown a link between elevated cystatin C levels and the diabetic retina in later stages of the 

disease (He et al., 2013; Wong et al., 2015)

Since Cystatin C has been associated with several ocular diseases, our goal was to explore 

Cystatin C actions in the retina. We used Cystatin C knockout mice to investigate Cystatin C 

in the retina, as well as human primary retinal endothelial cells (REC) grown in normal and 

high glucose to examine Cystatin C actions on retinal inflammation and permeability.

Materials and Methods.

Mice.

Drs. Efrat Levy and Monika Pawlik generously provided the Cystatin C knockout mice 

(Kaur et al., 2010). Both male and female mice were used at approximately 8 weeks of 

age. C57BL/6 mice were purchased from Jackson laboratories and used as controls since the 

Cystatin C KO mice were generated on a C57BL/6-129Sv background (Kaur et al., 2010). 

All animal procedures meet the Association for Research in Vision and Ophthalmology 

requirements and were approved by the Institutional Animal Care and Use Committee of 

Wayne State University and conform to NIH guidelines.
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Genotyping.

We did genotyping using methods similar to our previous work (Liu et al., 2017c). The 

primer pairs in this study were: 5’→3’ mutant forward: CGG CGA GTA CAA CAA AGC 

CA and 5’->3’ mutant reverse: GGA GGT GTG CAT AAG AGG TG. For the intact Cystatin 

C 5’→3’ forward: AAA ACA AGG GCA TTC TCT ACA TAC and reverse: ACC AAA 

ACA GCA AGG CAG CAC AGG.

Ischemia/reperfusion model (I/R).

Ischemia/reperfusion was done as we have previously published (Abcouwer et al., 2013; Liu 

et al., 2016, 2018a).

Vascular Analyses.

Ten days after I/R exposure, additional mice were sacrificed to measure degenerate 

capillaries, as we have done previously (Liu et al., 2016; Veenstra et al., 2015).

Fluorescein Angiography.

We performed fluorescein angiography on control and cystatin C mice as we have done in 

the past (Liu et al., 2017c; Seidel et al., 2021).

Cell Culture.

Primary human retinal endothelial cells (REC) were cultured as we have done previously 

(Liu et al., 2017a). Cells were used prior to passage 6. Cells were cultured in normal (5mM) 

or high (25mM) glucose.

Some cells in normal and high glucose were treated with recombinant Cystatin C (100nM, 

Sigma) or Cystatin C siRNA and scrambled siRNA (Origene, Rockville, MD).

Permeability assay.

REC grown in normal and high glucose medium in transwell chambers. On the day of 

the experiments, 70kD rhodamine isothiocyanate (RITC) dextran was added to the upper 

chamber of the transwell insert. Cells were near 100% confluence after hydrocortisone 

treatment before any treatments. Analyses were done as we have reported previously (Liu et 

al., 2021).

Western blotting.

Cell culture lysates or whole retinal lysates were collected into lysis buffer with protease and 

phosphatase inhibitors for Western blotting as we have done previously (Liu et al., 2022; 

Zhang et al., 2012). Primary antibodies to ZO-1, occludin, HMGB1, IL-1β, TNFα (Abcam, 

Cambridge, MA) or beta actin (Santa Cruz Biotechnology, Santa Cruz, CA) were used. Data 

was acquired using an Azure C500 (Azure Biosystems, Dublin, CA) and blot data measured 

using Image Studio Lite software, as we have done previously (Liu et al., 2018b).
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Statistics.

Prism software 9.0 (GraphPad, La Jolla, CA) was used for statistical analyses. A one-way 

ANOVA with Tukey’s post-hoc test was used for analyses. For work with mice, an unpaired 

T test was used. P <0.05 was taken as significant. A representative blot is provided for 

Western blot data.

Results.

Validation of the Cystatin C knockout mice.

We performed genotyping and Western blotting to verify successful knockdown of cystatin 

C in the mice. Results for genotyping show that Cystatin C bands are at the appropriate 

molecular weight for both control and Cystatin C knockout mice (Figure 1A). To verify 

protein levels, we did Western blots for cystatin C in whole retinal lysates from knockout 

and control mice showing significantly lower Cystatin C in the retina of the mice (Figure 

1B).

Loss of Cystatin C exacerbates the formation of degenerate capillaries in ischemia/
reperfusion (I/R).

We measured degenerate capillaries in the Cystatin C and controls mice 10 days after 

exposure to I/R. We found that I/R significantly increased numbers of degenerate capillaries 

in control mice, which were further increased with in the Cystatin C knockout mice exposed 

to I/R (Figure 2), suggesting that loss of Cystatin C induces vascular damage to the mouse 

retina.

Loss of Cystatin C increases inflammatory mediators.

Literature suggested that Cystatin C regulated inflammatory mediators in other targets 

(Zi and Xu, 2018). Therefore, we wanted to explore Cystatin C actions on inflammatory 

mediators in the mouse retina. Using whole retinal lysates from 2-month-old Cystatin C 

knockout mice and C57BL/6 mice, we measured protein levels of HMGB1 (A), IL-1β (B) 

and TNFα (C). Loss of Cystatin C significantly increased all 3 inflammatory mediators 

compared to retinal levels in control mice (Figure 3).

Cystatin C regulates permeability in mouse retina.

Retinal stressors often alter permeability (Abcouwer et al., 2010), so we investigated 

whether vascular leakage was increased in the Cystatin C knockout mice. Fluorescein 

angiography leakage was increased in the Cystatin C knockout mice vs. control mice (Figure 

4A). Since both ZO-1 and occluding have been linked to retinal permeability changes 

(Murakami et al., 2009), we wanted to test these proteins in our mice. We found that 

occludin (B) and ZO-1 (C) levels were significantly decreased in whole retinal lysates from 

the Cystatin C knockout mice compared to control mice (Figure 4).

Recombinant Cystatin C decreases inflammatory mediators in REC.

To support our work in mouse retina, we grew human REC in normal (5mM) and high 

(25mM) glucose and treated them with 100nM cystatin C. Culturing in high glucose alone 
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significantly increased both IL-1β (A) and HMBG1 (B), which were significantly reduced 

by treatment with recombinant Cystatin C (Figure 5).

Cystatin C alters retinal endothelial cell permeability.

Since we found altered permeability proteins in the Cystatin C knockout mice, we 

performed a permeability assay on REC grown in normal or high glucose or cells cultured 

in high glucose treated with Cystatin C siRNA, scrambled siRNA or recombinant Cystatin 

C (Figure 6). All cells were at greater than 90% confluency before the experiment was 

initiated. Data shows that high glucose increased permeability, which was further increased 

by Cystatin C siRNA. Cells in high glucose treated with recombinant Cystatin C had 

reduced permeability compared to high glucose only (A). To further explore this, we 

measured Cystatin C (A), occludin (B) and ZO-1 (C) protein levels in REC grown in normal 

or high glucose and treated with Cystatin C siRNA or scrambled siRNA. Figure 6A shows 

successful knockdown of cystatin C by the Cystatin C siRNA transfection. Figure 6B–C 

show that high glucose decreased occludin and ZO-1 levels, which were further reduced by 

Cystatin C siRNA.

Discussion.

The ischemia/reperfusion (I/R) model has been used as a model of retinal stress in numerous 

other studies (Abcouwer et al., 2013; Caballero et al., 2007; Liu et al., 2017b; Muthusamy 

et al., 2014). In the current work, we demonstrated that loss of Cystatin C exacerbated 

the damage associated with exposure to I/R. Similar findings were observed in RPE cells, 

where reduced cystatin C levels allowed for increased invasiveness of the cells and enhanced 

extracellular matrix degradation (Carlsson et al., 2020). Cystatin C is neuroprotective in 

epilepsy models (Kaur et al., 2010). Cystatin C has been shown to be protective against 

Alzheimer’s disease (Mathews and Levy, 2016), potentially through enhanced amyloid 

precursor processing (Wang et al., 2016).

In this study, we focused on the role of Cystatin C in inflammation. We found increased 

inflammatory mediators, HMGB1, IL-1β, and TNFα, in mice lacking Cystatin C. Similar 

results were obtained in REC grown in high glucose. When these cells were treated with 

recombinant Cystatin C, inflammatory mediator levels were reduced. Our findings agree 

with studies showing that cystatin C is involved in multiple steps of immunity (Zi and 

Xu, 2018). Specifically, mice lacking Cystatin C have a higher incidence of arthritis, with 

an earlier onset (Backlund et al., 2011). Other studies on monocytes from patients with 

Icelandic form of hereditary cerebral hemorrhage with amyloidosis showed increased levels 

of Cystatin C in immune cell types (Warfel et al., 1987). Cystatin C has been shown to 

regulate levels of various cathepsins, including Cathepsin B and D (Alizadeh et al., 2006). 

Both Cathepsin B and D are linked to increased inflammatory mediators (Fox et al., 2016; 

Guicciardi et al., 2000). Thus, our work and the literature strongly support a role for Cystatin 

C in the regulation of inflammatory pathways. We will explore whether this regulation 

requires cathepsin B and D in future studies.

In contrast to a vast literature on inflammation and Cystatin C, less has been reported on 

the role of Cystatin C in regulating cellular permeability. However, in the past 5 years, some 
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work has shown a role for Cystatin C in decreasing permeability in models of cerebral 

ischemia. Proteomics studies on mice exposed to a preconditioning model had reduced 

numbers of infarctions. Cystatin C knockout mice did not have this protection (Fang et 

al., 2017). Additionally, another group used the ischemia/reperfusion model showed that 

Cystatin C improved blood-brain-barrier actions, with an increase in occludin (Yang et al., 

2020). These findings agree well with our work in the retina showing a protective effect of 

Cystatin C in the retina against I/R damage.

Our data show that Cystatin C is involved in the regulation of permeability and inflammation 

in the retina. While the mouse data contrasts the high levels of Cystatin C seen in the 

later stages of the diabetic retina, this should not detract from the findings for other 

retinal diseases. We accept that fluorescein angiography is qualitative, but feel that this 

data, combined with the protein levels and cell culture data, support our conclusions that 

Cystatin C regulates permeability. Future work will delve more deeply into the mechanisms 

by which Cystatin C regulates retinal inflammation and permeability, as well as the role 

of Cystatin-mediated regulation of the cathepsins. We acknowledge that the control mice 

used for these studies are not an exact match for the cystatin C knockout mice. Mice were 

age-matched, but there is a possibility that a mismatch was possible. We tried to compare 

KO to KO with ischemia and control mice to control mice with ischemia. Additionally, 

retinal images looked similar between both groups of mice, but the different background of 

the mice confounding some of the data remains a possibility.

Taken together, data strongly suggests that cystatin C is protective against retina stressor 

through a reduction in inflammatory mediators and improved permeability responses. Future 

studies need to better explore these actions in animal models of other ocular diseases.
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Figure 1. 
Validation of the Cystatin C KO mice. Panel A is genotyping, Panel B is immunostaining 

and Panel C is Western blot data confirming the lack of Cystatin C in the knockout mice 

compared to control. In Panel A, Ctrl 1-3 are samples from C57BL/6 mice and Cst 1-5 

are samples from Cystatin C KO mice. The ladder is 1kB. 270bp is the expected size of 

knockout cystatin levels, while 192bp is the expected size for normal cystatin C. Panel B is 

Western blotting for Cystatin C in whole retinal lysates. *P<0.05 vs. C57BL/6.
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Figure 2. 
Ischemia/reperfusion in the Cystatin C mice exacerbates retinal damage. Data is from 

control mice, mice exposed to ischemia/reperfusion (I/R), and cystatin C knockout mice 

exposed to nothing or I/R. Data show vascular changes (degenerate capillaries). *P<0.05 vs. 

C57BL/6, #P<0.05 vs. I/R. N=5.
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Figure 3. 
Cystatin C regulates inflammatory mediators in mouse retina. Western blot data from whole 

retinal lysates from Cystatin C knockout (Cys C KO) and C57BL/6 (Ctrl) mice for HMGB1 

(A), IL-1B (B) and TNFα (C). *P<0.05 vs. C57BL/6. N=5. Data are mean ± SEM.
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Figure 4. 
Cystatin C regulates permeability in the mouse retina. Panel A shows fluorescein 

angiography in Cystatin C knockout (Cys C KO) vs. C57BL/6 (Ctrl) mice. Panels B-C show 

Western blot data from whole retinal lysates for occludin (B) and ZO-1 (C). *P<0.05 vs. 

C57BL/6. N=7 for fluorescein angiography, N=5 for western blot samples. Data are mean ± 

SEM.
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Figure 5. 
Cystatin C decreased inflammatory mediators in retinal endothelial cells. Retinal endothelial 

cells (REC) grown in normal or high glucose were treated with recombinant Cystatin C. The 

data show that IL-1β (A) and HMGB1 (B) were decreased compared to high glucose alone. 

*P<0.05 vs. normal glucose, #P<0.05 vs. high glucose. N=5. Data are mean ± SEM.
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Figure 6. 
Loss of Cystatin C decreased permeability, as well as ZO-1 and occludin protein levels. 

Retinal endothelial cells (REC) were grown in normal or high glucose and treated with 

Cystatin C siRNA, recombinant cystatin C, or scrambled siRNA. Panel A is a permeability 

assay for cells treated with either cystatin C siRNA, recombinant Cystatin C or scrambled 

siRNA. Panel B-D shows protein levels in cells treated with cystatin C siRNA. Panel B 

is a control to show successful knockdown of Cystatin C with siRNA. Panel C (occludin) 

and Panel D (ZO-1) show that protein levels are decreased compared to high glucose alone. 

*P<0.05 vs. normal glucose, #P<0.05 vs. high glucose. N=5. Data are mean ± SEM.
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