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Sex differences in inflammation
and markers of gut integrity in long
COVID

Jared C. Durieux®**", Ziad Koberssy?, Joviane Daher, Jhony Baissary*, Marc Abboud?,
Ornina Atieh?, Christopher Woolverton* & Grace A. McComsey%2**

Endothelial damage represents an essential pathogenic mechanism of respiratory and multiorgan
dysfunction as seen in the post-acute phase of COVID-19. Biological differences between male and
female sex, inflammation, and gut integrity may have an integral role in endothelial damage and
explain the residual effects of COVID-19 infection in long COVID, yet evidence is limited. Confirmed
COVID-19 negative participants were 1:1 propensity-score matched to COVID-19 positive participants.
Symptoms occurring at least one-month following COVID-infection and lasting more than three-
months was defined as long COVID. Measures of endothelial function included reactive hyperemic
index (RHI=1.67 =normal endothelial function) and augmentation index (higher Alx = worse arterial
elasticity). A total of 89 COVID-19 negative participants was matched to 89 COVID-19 positive
participants. Among the COVID-19 survivors, the median age was 42.92 years, 46.07% were female
sex, and 57 (64%) had long COVID. Higher levels of inflammation (TNF-RI and oxLDL) and gut integrity
(zonulin and BDG) was associated (P <0.05) with a two-fold increase in the odds of long COVID. Female
sex, independent of COVID-19 status, was 4x more likely to have worse Alx (P<0.0001) compared to
male sex. Among female sex with long COVID, higher levels of inflammation (IL-6, VCAM, hsCRP) and
gut integrity (zonulin) was independently associated (P <0.05) with higher Alx. Female sex with long
COVID symptoms had the worse inflammation, gut integrity, and arterial stiffness among COVID-19
survivors. This reinforces the importance of continued, long-term follow-up care following COVID-19
infection, with special attention needed for female sex who may be at a higher cardiovascular disease
risk.
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Long COVID refers to a range of symptoms that persist, emerge, or relapse at least three months after the acute
phase of COVID-19 infection, with no alternative explanation. These symptoms, which can last for months and
even years, include fatigue, brain fog, cognitive dysfunction, palpitations, and can significantly impact quality of
life!-. Despite the global increase in long COVID prevalence, the exact mechanisms underlying this condition
remain unclear although several theories have been proposed.

Among the most widely discussed mechanisms, ongoing immune activation and chronic inflammation
have been proposed as major contributors to the persistence of symptoms*°. Changes in the gut microbiome
and disruption of the gut barrier function have also been linked to systemic inflammation®’. Endothelial
dysfunction, resulting from endothelial injury and endotheliitis, persists beyond the acute phase of COVID-19
and contributes to the development and persistence of long COVID symptoms®”’. Inflammation and gut integrity
are critical in maintaining endothelial health and evidence shows that disruptions in these factors contribute to
endothelial dysfunction!®!.

There has been increased focus on sex differences in immune system and inflammation in the manifestations
and outcomes of both acute COVID-19 and long COVID. Although male sex generally have higher baseline
levels of inflammatory mediators compared to female sex, they exhibit weaker initial immune response to
infections but tend to resolve the inflammation more efficiently placing them at higher risk of severe infection
and mortality!>-!4. In contrast, while female sex tend to mount a stronger initial immune response, they are more
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vulnerable to chronic inflammatory diseases and long-term outcomes such as persistent symptoms and long
COVID'>!%, Emerging research suggests that sex differences extend beyond immune cell function and includes
gut microbiome composition and intestinal barrier integrity'”!8.

Endothelial damage represents an essential pathogenic mechanism of respiratory and multiorgan dysfunction
seen in the post-acute phase of COVID-19 disease. Inflammation and gut integrity may have an integral role in
endothelial damage and explain the residual effects of COVID-19 infection, yet evidence is limited. The objective
of this research is to investigate temporal changes in inflammation and gut integrity and better understand sex-
specific differences in endothelial function among COVID-19 survivors with long COVID.

Methods
Study design and population
The study sample included adults (=18 years) with no history of coronary artery or cardiovascular disease
between January 2020 and January 2021, no history of acute respiratory illness since December 2019, and able
to provide informed consent. COVID positive participants were COVID-19 survivors with a prior documented
infection. COVID negative participants were SARS-Co-V2 nucleocapsid antibody negative with no history of
COVID-19 infection. COVID-19 survivors with two or more COVID-19 related symptoms occurring at least
one-month following COVID-19 infection and lasting more than three-months was defined as long COVID.
The analysis data set included demographics (e.g., age, sex), comorbidities (diabetes and hypertension),
metabolic markers (e.g., low density lipoprotein cholesterol), inflammatory makers (e.g., interleukin 6), gut
integrity markers (e.g., zonulin), measures of endothelial function (reactive hyperemia index, augmentation
index), lifestyle factors (e.g., tobacco use), and long COVID symptoms. Symptoms were collected by well-
trained healthcare professionals using items from the combined and validated Patient-Reported Outcomes
Measurement Information Systems, Global Health 29 (PROMIS-29)!*%. Symptoms included anxiety, depression,
brain fog, sleep problems, dizziness, excessive thirst, hair loss, sexual difficulties, shortness of breath, coughing,
palpitations, fatigue, post-exertional malaise, weakness, change in smell or taste, body pain, gastrointestinal
symptoms, and abnormal movements. This study was approved by the Institutional Review Board of University
Hospitals Cleveland Medical Center.

Biomarkers

Participants were instructed to fast for at least 12 h before blood collection. All blood samples were sent to a CLIA-
certified laboratory for metabolic measurements that included triglycerides, total cholesterol, non-high-density
lipoprotein (non-HDL), and glycated hemoglobin or hemoglobin A1C (HbAlc). Additional plasma samples
were promptly stored at —80 °C within 2 h and batched for processing without prior thawing to Funderburg’s
laboratory, Ohio State University, for the measurement of inflammatory, endothelial activation, and gut integrity
biomarkers using the enzyme-linked immunosorbent assay (ELISA).

Inflammatory and endothelial biomarkers included high-sensitivity C-reactive protein (hsCRP), interleukin
(IL-6), soluble tumor necrosis factor receptor 1 and 2 (sSTNF-RI and sTNF-RII), monocyte activation markers
soluble CD14 and CD163 markers (sCD14 and sCD163), endothelial activation markers intercellular adhesion
molecule (ICAM), and vascular cell adhesion molecule (VCAM) using R&D Systems (Minneapolis, MN, USA);
D-dimer using Diagnostica Stago (Parsippany, NJ, USA); oxidized low-density lipoprotein assays (oxLDL) using
Uppsala (Mercodia, Sweden). The gut integrity marker Intestinal Fatty Acid Binding Protein (I-FABP, R&D
Systems), gut permeability marker zonulin (Immunodiagnostik AG, Germany), the microbial translocation
markers Lipopolysaccharide-binding protein (LBP, R&D Systems), and p-D-Glucan (BDG, MBS756415,
MyBioSource, San Diego, CA) were also measured. Assay kit catalogue codes included: IL6 (HS600B), VCAM
(DVCOO), TNFARI (DRT100), TNFARII (DRT200), HSCRP (DCRP00), D-DIMER (NC9884012), OX LDL
(NC9664711), ZONULIN (50-311-083), IFAB (DFBP20), LBP (HK315-02), BDG (MBS756415), CD163
(DC1630), CD14 (DC140).

Vascular function

EndoPAT"-2000 device (Itamar Medical) was used as a rapid, non-invasive tool to evaluate the endothelial
vasodilator function. As previously outlined*!, EndoPAT device generates a Reactive Hyperemic Index (RHI)
from changes in baseline pulse-wave amplitude (PWA) to post-occlusion PWA in the occluded arm. A normal
RHI is = 1.67. The augmentation index is calculated from pulses recorded during the baseline period and
corrected to a standard heart rate of 75 beats per minute (AIx). Lower Alx values indicate better arterial elasticity.

Statistical methods

COVID negative participants were 1:1 propensity-score matched on age, exact sex, race, BMI, lipids,
comorbidities, and current smoking status to COVID survivors using greedy nearest neighbor method.
Participants were matched if the difference in the logits of the propensity score were < 0.2x the pooled estimate
standard deviation. Covariate balance and bias reduction was assessed using the standardized mean difference
and the variance ratio of COVID positive to COVID negative participants.

Characteristics of study participants were summarized as median (interquartile range), mean * standard
deviation, or frequency (n) and percentage (%). Differences between COVID positive and COVID negative
groups was computed using either Wilcoxon Mann-Whiney U-test or an independent t-test for continuous
variables and chi-square for categorical variables. The median value of each inflammation and gut integrity
marker was used to determine a cut-off between high and low classification and the distributional tertile of AIx
was used to classify low (<-6.0%) and high (=211.0%) Alx. AIx>11.0% was considered having worse arterial
elasticity.

Scientific Reports |

(2025) 15:27374 | https://doi.org/10.1038/s41598-025-11470-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

To assess potential risk factors associated with long COVID and worse Alx, we used cumulative logit models
with GLM parameterization. The proportional odds assumption was assessed by the score test. General linear
mixed models were used to assess which effects were associated with augmentation index and reactive hyperemia.
Logistic regression was used to assess which covariates were associated with female sex. Adjusted models included
long COVID status, age, sex, race, BMI, lipids (e.g., non-HDL), current smoking status, and comorbidities (e.g.,
diabetes and hypertension). Markers of inflammation and gut integrity were modeled independent of each other.
P-values less than alpha <0.05 were considered statistically significant and all analyses were computed using SAS
9.4 (SAS Inc.,, Cary, N.C., USA).

Results

Characteristics of study participants

A total of 89 COVID negative participants were matched to 89 COVID-19 survivors (Table 1). Among the
COVID-19 survivors, the median age was 42.92 years (IQR: 32.12, 54.1), and 46.07% (n=41) were female sex.
Approximately 35% (n=31) were non-white race, 57 had long COVID, 7.87% had pre-existing diabetes, and
the median BMI was 27.78 kg/m2 (IQR: 24.6, 33.73). Compared to the COVID-19 survivors, COVID negative
participants had a similar (P>0.05) distribution of age, BMI, lipid profile, and proportion of sex, race, current
smokers, and pre-existing co-morbidities.

Risk factors associated with long COVID

VCAM and sCD163 was negatively associated with long COVID. Every unit increase in VCAM was associated
with 62% lower odds [uOR: 0.38 (96% CIs: 0.16, 0.88); P=0.02] of long COVID and every unit increase in
sCD163 was associated with 59% lower odds [uOR: 0.41 (95% ClIs: 0.21, 0.83); P=0.01] of long COVID. In
contrast, having higher than median Alx (22.0% ) or TNF-RI (=1117.6 pg/mL) and every unit increase in
zonulin nearly doubled the unadjusted odds [uOR: 1.9 (95%CIs: 1.08, 3.33); P=0.03] of long COVID. In Fig. 1,
after adjusting for demographics, comorbidities, smoking status, and lipids, having higher than median levels of
OxLDL >54696.07 U/L, zonulin > 38426.04 ng/mL, and BDG > 372.2 pg/mL was associated with at least a four-
fold increase in the odds of long COVID.

Risk factors associated with worse arterial elasticity

Among COVID-19 survivors with long COVID, having a higher number of symptoms was associated (P=0.007)
with having worse arterial elasticity (AIx>11.0%). Female sex with > 13 reported symptoms was 5x more likely
[uOR: 5.32 (95% ClIs: 1.03, 27.6); P=0.04] to have worse arterial elasticity compared to male sex who reported
between 4 and 12 reported symptoms. COVID-19 survivors with long COVID were 2x more likely to have worse
arterial elasticity compared to COVID-19 survivors without long COVID.

Female sex, independent of COVID-19 status, was 4x more likely [uOR: 4.68 (95% Cls: 2.61, 8.41); P<0.0001)]
to have worse AIx compared to male sex. In Table 2, female sex with long COVID was 5x more likely [uOR: 5.2
(95% Cls: 2.47, 20.33); P=0.0003] to have worse arterial elasticity compared to COVID-19 survivors of male sex
without long COVID. Additionally, older age [uOR: 1.09 (95% ClIs: 1.06, 1.11); P<0.0001] and being a current
smoker [uOR: 2.85 (95% ClIs: 1.5, 5.4); P=0.001] increased the likelihood of having worse Alx.

Every unit-increase in IL-6 [uOR: 1.39 (95% Cls: 1.1, 1.92); P=0.01], D-dimer [uOR: 1.49 (95% ClIs: 1.14,
1.95); P=0.004], zonulin [uOR: 1.57 (95% Cls: 1.08, 2.28); P=0.02], and I-FABP [uOR: 1.58 (95% CIs: 1.12,
2.24); P=0.01] increased the unadjusted odds of having worse arterial elasticity. Furthermore, having higher
than median TNEF-RII [>2565.6 pg/mL; uOR: 1.81 (95% ClIs: 1.04, 3.16); P=0.04], D-dimer [>436.1 ng/mL;
uOR: 1.89 (95% Cls: 1.09, 3.26); P=0.03], or I-FABP [>1919.0 pg/mL; uOR: 1.89 (95% ClIs: 1.09, 3.28); P=0.02]
increased the odds of having worse AI nearly two-fold. After adjusting for age, race, BMI, smoking status,
comorbidities, and lipids, having zonulin > 38426.04 ng/mL more than doubled [aOR: 2.38 (95% CIs: 1.24, 4.58)]
the odds of having worse arterial elasticity.

Risk factors associated with female sex

COVID-19 survivors with long COVID were 3x more likely to be of female sex compared to COVID-19
survivors without long COVID [uOR: 3.53 (95% ClIs: 1.42, 8.77); P=0.01]. After adjusting for long COVID
status, demographics, comorbidities, BMI, and lipids, having higher than median AlIx [AIx>2.0; aOR:7.6 (95%
Cls: 3.2, 18.01); P<0.0001], oxLDL [>54696.07 U/L; aOR: 3.45 (95% Cls: 1.38, 8.61); P=0.01], and zonulin
[aOR: 2.07 (95% ClIs: 1.26, 3.42); P=0.004] was more than 2x as likely to be of female sex. Every unit increase in
VCAM was 59% [aOR: 0.41 (95% ClIs: 0.21, 0.8); P=0.01] less likely to be of female sex (Fig. 2). There was not
enough evidence (P> 0.05) to suggest that age, BMI, being a current smoker, having pre-existing hypertension,
or RHI was associated with female sex.

Sex-specific differences in arterial elasticity among COVID survivors

Overall, female sex had 13.73% higher AI when compared to male sex and the estimated AIx among COVID-19
survivors with long COVID was 5.84% higher than COVID-19 survivors without long COVID. COVID-19
survivors of female sex who reported experiencing between 4 and 12 symptoms had higher Alx (14%; P=0.01)
compared to COVID-19 survivors of male sex. COVID-19 survivors of female sex who reported more than 13
symptoms had the highest AIx (19.6%; P=0.001) when compared to COVID-19 survivors of male sex.

In Table 3, after adjusting for age, race, BMI, smoking status, comorbidities, and lipids, female sex with
long COVID [Alx=17.34 (95% CI: 10.23, 24.44); P<0.0001] and COVID survivors of female sex without
long COVID [AIx=11.52 (95% CI: 2.19, 20.85); P=0.02] had higher estimated AIx compared to male COVID
survivors without long COVID. Current smokers had higher Alx (7.31%; P=0.01) compared to non-smokers,
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COVID Positive (n=89) COVID Negative (n=89)

Median (IQR)/mean + std or n (%) P-value***
Age (years) 42.92 (32.12, 54.1) 40.66 (28.82, 51.49) 0.25
Female Sex 48 (53.93) 48 (53.93) 1
Non-white Race* 30 (33.71) 31 (34.83) 0.87
Current Smoker (Yes) 25 (54.35) 21 (46.65) 0.49
Total number of symptoms 3.0 (0.0, 11.0) -
<3 15 (16.85) -
4-12 24 (26.97) -
> 13 symptoms 18 (20.22) -
Co-Morbidities
Diabetes (Yes) 7(7.87) 1(1.12) 0.06
Hypertension (Yes) 18 (20.22) 13 (14.61) 0.32
HIV Status (+) 19 (21.35) 20 (22.47) 0.86
Medications
ACE or ARB 6(6.74) 6 (6.74) 1
Beta Blocker 5(5.62) 0 0.06
Statin 4(4.49) 6 (6.74) 0.75
Metabolic Markers
BMI (kg/m?) 27.78 (24.6, 33.73) 29.09 (25.4, 33.43) 0.51
LDL (mg/dL) 102.0 (82.0, 127.0) 100.0 (78.0, 131.0) 0.51
Cholesterol (mg/dL) 177.0 (151.0, 209.0) 170.0 (147.0, 198.0) 0.26
non-HDL (mg/dL) 121.1 (100.9, 155.2) 119.0 (102.0, 153.6) 0.81
Triglycerides (mg/dL) 89.0 (68.0, 131.0) 99.0 (69.0, 142.0) 0.55
Markers of Endothelial Function
Reactive Hyperemic Index (%) | 1.71 (1.46, 2.04) 1.78 (1.55, 2.1) 0.24
Augnentation Index (%) 7.0 (-6.0, 17.0) -2.0 (-13.0, 12.0) 0.007
Markers of Inflammation
IL-6 (pg/mL) 2.58 (1.72, 3.24) 2.59 (1.5, 4.09) 0.59
VCAM (ng/mL) 738.75 (579.5, 784.17) 775.2 (591.31, 958.8) 0.03
TNEF-RI (pg/mL) 1062.38 (934.74, 1296.76) 1008.96 (840.04, 1307.64) 0.21
TNEF-RII (pg/mL) 2444.07 (1912.27, 2569.28) 2422.23 (2004.85, 3169.69) 0.34
hsCRP (ng/mL) 4844.96 (1673.75, 6452.75) 3214.92 (1054.43, 8546.88) 0.42
D-dimer (ng/mL) 461.8 (270.18, 621.37) 395.45 (234.74, 558.33) 0.11
oxLDL (U/L)** 70.89 (57.81, 91.04) 52.47 (39.13, 60.63) <0.0001
Markers of Monocyte Activation
sCD163 (ng/mL) 631.72 (469.1, 725.81) 715.04 (510.6, 967.21) 0.01
sCD14 (ng/mL) 1673.78 (1343.64, 1836.45) 1579.38 (1286.66, 1926.81) 0.79
Markers of Gut Permeability
Zonulin (ng/mL)** 4875.16 (2733.98, 6388.52) 3842.6 (2087.17, 4381.8) 0.0007
I-FABP (pg/mL) 1814.86 (1381.53, 2340.26) 1669.61 (1163.79, 2370.08) 0.21
LBP (ng/mL) 16720.84 (13066.59, 22162.37) | 17803.34 (12513.29, 22255.06) | 0.55
BDG (pg/mL) 416.45 (330.36, 490.53) 372.16 (181.55, 394.39) 0.001

Table 1. Characteristics of propensity score matched study participants by COVID Status. *Includes

African American, Asian, Hispanic, and Other. **per 1000. ***Differences between COVID positive and
COVID negative groups were computed using Wilcoxon Mann-Whiney U-test [where median (IQR) is
presented], an independent t-test [where mean + std is presented], or Chi-square or Fisher’s tests [where

n (%) is presented]. Abbreviations: ACE=Angiotensin converting enzyme inhibitors; ARB=angiotensin
receptor blockers; BMI=Body Mass Index; LDL=low-density lipoprotein; non-HDL=non-High-density
liproprotein; IL-6=Interleukin-6; VCAM=Vascular Cell Adhesion Molecule-1; TNF-RI=Tumor Necrosis
Factor Receptor-1; TNF-RII=Tumor Necrosis Factor Receptor-2; hsCRP=High-sensitivity C-reactive protein;
I-CAM-=Intercellurlar Adhesion Molecule-1; oxLDL=0xidized LDL; sCD14=Soluble CD14; sCD163=Soluble
CD163; I-FABP=Intestinal fatty-acid binding protein; LBP=Lipopolysaccharide binding protein; BDG=f-D-
glucan.
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VCAM (ng/mL) o 0.36 0.15 0.88 0.02
TNF-RI >=1117.6 (ng/mL) —e— 2.03 1.14 364 0.02
oxLDL (U/L) : o | 5.78 3.15 10.62 0.0001
sCD163 (ng/mL) o 0.34 0.16 0.71 0.004

Zonulin (ng/mL)

BDG (pg/mL)

Adjusted Odds Ratio(OR), 95% Confidence Intervals(Cls), and P-value(P)

OR LCI UCI P

—e— 1.91 1.23 2.98 0.004

Fo— 195 1.22 3.1 0.005

T ' T T T T | — T J T
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*LCI = lower confidence interval; UCI = upper confidence interval.
**Adjusted for sex, age, race, BMI, smoking status, comorbidities, and lipids.

Fig. 1. Inflammation and gut integrity markers associated with long COVID.

every unit increase in hsCRP was associated with 1.84% increase in AIx (P=0.02), and having zonulin >38426.04
ng/mL was associated with 7.94% higher Alx (P=0.002).

Additionally, IL-6 [AIx=9.79 (95% Cls: 4.81, 14.77); P=0.0002], hsCRP [Alx=1.84 (95% Cls: 0.29, 3.39);
P=0.02],and sCD14 [AIx=6.76 (95% CIs: 0.9, 12.63); P=0.02] were associated with between 2 and 19% increase
in Alx among female sex with long COVID compared to COVID survivors of male sex without long COVID.
Having higher than median IL-6 [>2.8 pg/mL; Alx=18.54 (95% Cls: 9.12, 27.96); P=0.0001], VCAM [>2565.6
ng/mL; Alx=16.93 (95% Cls: 6.95, 26.9); P=0.001], hsCRP [>3653.8 ng/mL; AIx=16.94 (95% Cls: 6.33, 27.54);
P=0.002], and zonulin [>3842604 ng/mL; Alx=16.29 (95% Cls: 8.09, 24.48); P=0.001] were associated with an
increase in AIx among female sex with long COVID compared to COVID survivors of male sex without long
COVID.

Discussion

In this study, the interaction between long COVID and sex suggest that female sex with long COVID have
higher estimated Alx (worse arterial elasticity) then either long COVID or sex alone and that the effects of
inflammation and gut integrity on endothelial function differ across strata of sex among COVID-19 survivors.
Furthermore, IL-6, VCAM, hsCRP, sCD14 and zonulin were associated with having worse Alx and female sex
with long COVID are at the highest risk of having worse Alx compared to COVID-19 survivors of male sex
without long COVID.

We have previously established that the effect of COVID-19 on Alx differs across strata of sex!”. Without
stratification by sex, the effects of COVID on AIx would underestimate risk in female sex and overestimate risk
among male sex. Consequently, without stratifying each risk factor by long COVID and sex, the independent
effects of IL-6, VCAM, hsCRP, sCD14 and zonulin on arterial elasticity will undoubtedly underestimate risk and
confound disease severity in long COVID.

Research has demonstrated that acute COVID-19 infection carried a more severe course in male sex with
higher rates of hospitalization and mortality compared to female sex?>?3. However, results from the NIH
RECOVER-Adult cohort study, the largest cohort study for long COVID, has provided strong support for our
findings. Among 12,276 participants, female sex were 1.31 times more likely to develop long COVID compared
to male sex. This increased risk was particularly pronounced in female sex aged 40 to 54 years.'® These findings
align closely with our results, reinforcing the observed sex-based differences in long COVID, particularly among
middle-aged female sex. This paradox is not well understood but could be explained by a complex interplay of
differences in genetic, hormonal, immune and sociocultural factors?*~%’.

Worsening of the arterial function in COVID-19 survivors described in our study has been demonstrated
in previous studies in Human Immunodeficiency Virus (HIV)? that shares the characteristics of long-term
inflammation with COVID-1928-%, The persistent inflammation and worsening arterial elasticity seen in our
study aligns with the results from our previous studies that showed an increase in Al among COVID-19 survivors
(with or without long COVID) compared to people who never had COVID-19, and that arterial elasticity was
worse among COVID survivors with long COVID compared to those without long COVID symptoms with the
worst arterial elasticity noted among the female participants with long COVID symptoms.
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Unadjusted Adjusted***

Odds Ratio (95% CIs) | P-value | Odds Ratio (95% CIs) | P-value
Long-COVID & Sex*
Male, COVID Negative 0.66 (0.24, 1.86) 0.4 0.88 (0.26, 2.97) 0.8
Female, COVID Negative 4.02 (1.5, 10.81) 0.01 13.75 (3.82, 49.56) <0.0001
Male, COVID Positive without Long-COVID Ref Ref Ref Ref
Female, COVID Positive without Long-COVID | 7.09 (1.29, 21.02) 0.02 8.23 (1.63, 41.46) 0.01
Male, COVID Positive with Long-COVID 2.29(0.72,7.26) 0.2 3.22(0.8,13.0) 0.1
Female, COVID Positive with Long-COVID 5.2 (2.47,20.33) 0.0003 | 29.34 (7.51, 93.9) <0.0001
Total Number of Symptoms (F vs. M)** 1.08 (1.02, 1.14) 0.007 1.13 (1.05, 1.22) 0.002
Male, <3 0.36 (0.06, 2.09) 0.3 0.47 (0.06, 3.53) 0.5
Female, <3 0.44 (0.06, 2.26) 0.4 2.14(0.19, 24.0) 0.5
Male, 4-12 Ref Ref Ref Ref
Female, 4-12 1.12 (0.25, 5.63) 0.8 5.28 (0.72, 38.61) 0.1
Male, 213 0.77 (0.04, 13.75) 0.3 0.16 (0.01, 4.55) 0.3
Female, >13 5.32 (1.03, 27.6) 0.04 11.7 (1.39, 98.52) 0.02
Age 1.09 (1.06, 1.11) <0.0001 | 1.1(1.07, 1.14) <0.0001
Current Smoker (Yes) 2.85(1.5,5.4) 0.001 3.83(1.65, 8.88) 0.002
Hypertension (Yes) 2.71 (1.3, 5.68) 0.01 2.18(0.88,5.41) 0.9
IL-6 (pg/mL) 1.39 (1.1, 1.92) 0.01 1.06 (0.78, 1.44) 0.7
IL-6 > 2.8 pg/mL 1.7 (0.99, 2.94) 0.05 1.13 (0.59, 2.17) 0.7
TNE-RII > 2565.6 pg/mL 1.81 (1.04, 3.16) 0.04 1.09 (0.58, 2.04) 0.8
D-dimer (ng/mL) 1.49 (1.14, 1.95) 0.004 | 0.92(0.67,1.26) 0.6
D-dimer > 436.1 ng/mL 1.89 (1.09, 3.26) 0.03 0.67 (0.34, 1.34) 0.3
Zonulin (ng/mL) 1.57 (1.08, 2.28) 0.02 1.33(0.98,1.79) 0.06
Zonulin > 38426.04 ng/mL 2.34(1.35,4.07) 0.003 2.38 (1.24, 4.58) 0.01
I-FABP (pg/mL) 1.58 (1.12,2.24) 0.01 1.22(0.84, 1.78) 0.3
I-FABP > 1919.0 pg/mL 1.89 (1.09, 3.28) 0.02 1.49 (0.81, 2.74) 0.2

Table 2. Risk factors associated with higher augmentation Index. *Interaction bewteen long COVID and

Sex. **COVID positive only. ***Cumulative logit models with GLM parameterization were used to estimate
the log-odds of AI>11 and adjusted for COVID/long COVID status, sex, age, race, BMI, smoking status,
comorbidities, and lipids. Inflammatory and gut integrity markers were modeled separately from one another.

Similar to results in our study, Tudoran et al., reported that female sex with post-COVID-19 syndrome had
worse arterial stiffness in the presence of metabolic syndrome’!. This cohort study assessed arterial stiffness,
aortic stiffness, and diastolic dysfunction among female sex with and without COVID-19 disease. Three groups
were studied that included COVID survivors with and without metabolic syndrome and participants who never
had COVID-19. This study demonstrated that female sex with long COVID, especially in the presence of a
metabolic syndrome, had worse arterial stiffness. These results are consistent with the results from our study that
female sex with long COVID have worse arterial elasticity. Unlike our study, however, Tudoran et al. included a
cohort of only female sex.

Additionally, we have demonstrated that gut integrity biomarkers were elevated in female sex and highly
correlated with having worse arterial function. This provides additional supporting evidence that gut integrity
and microbial translocation significantly influence immune function and may contribute to long COVID
pathogenesis. Atieh et al., had shown in randomized controlled study that vitamin K2 and D3 supplementation
improved gut biomarkers and long COVID symptoms®%. Our findings, regarding increased biomarkers and
compromised arterial function, are consistent with our previous studies and reinforces the link between gut
health, systemic inflammation, and vascular outcomes in long COVID.

Our study has multiple strengths. First, is the comprehensive testing of inflammation, gut integrity, and
monocyte/macrophage activation markers along with the measurements of the arterial function. Second, having
a COVID negative and a COVID positive with and without long COVID comparison groups allowed for a
more accurate assessment of the effects of COVID-19 disease on markers of inflammation and gut integrity in
long COVID. Third, using a propensity-score matched sample with exact sex-matched population. This reduces
selection bias and increases exchangeability®® on factors such as age, sex, race, lipids, smoking status, BMI, and
comorbidities between comparison groups.

This study also had several weaknesses. First, we did not have repeated arterial function assessments to
capture changes in endothelial function before and after COVID-infection or the ability to assess the effects of
COVID-19 disease on endothelial function over time. Second, despite propensity-score matching on age, exact
sex, race, BMI, lipids, preexisting comorbidities, and current smoking status, unmeasured confounders and
other cardiovascular risk factors may explain some of the variability in our endothelial function results. Lastly,
there is a bias-variance trade-off when using a propensity-score matched sample. The smaller sample size may
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*»*Adjusted for sex, age, race, BMI, smoking status, comorbidities, and lipids.

Fig. 2. Inflammation and gut integrity markers associated with female sex.

Unadjusted Adjusted**

Estimate (95% ClIs) | P-value | Estimate (95% CIs) | P-value
Female Sex, COVID positive*
With long COVID 15.06 (6.52, 23.6) 0.001 | 17.34(10.23,24.44) | <0.0001
Without long COVID 5.9 (3.4,26.67) 0.01 11.52 (2.19, 20.85) 0.02
Female Sex with long COVID***
Current Smoker (Yes) 10.0 (4.29, 15.71) 0.001 7.31 (2.66, 11.95) 0.002
IL-6 (pg/mL) 12.51 (6.78,18.24) | <0.0001 | 9.79 (4.81, 14.77) 0.0002
IL-6 > 2.8 (pg/mL) 22.72(11.51, 33.92) | <0.0001 | 18.54 (9.12, 27.96) 0.0001
VCAM = 2565.6 (ng/mL) 17.99 (5.45, 30.52) 0.01 16.93 (6.95, 26.9) 0.001
hsCRP (ng/mL) 3.8 (1.97, 5.64) <0.0001 | 3.2(1.61,4.78) 0.0001
hsCRP > 3653.8 (ng/mL) 17.58 (4.87, 30.29) 0.007 | 16.94 (6.33, 27.54) 0.002
sCD14 (ng/mL) 11.08 (3.92, 18.24) 0.003 6.76 (0.9, 12.63) 0.02
Zonulin > 38426.04 (ng/mL) | 16.24 (6.38, 26.1) 0.001 | 16.29 (8.09, 24.48) 0.0001

Table 3. Sex-specific differences in arterial elasticity among COVID survivors. *Interaction bewteen

long COVID and Sex. **General linear mixed models were used to estimate the effect of covariates (e.g.,
inflammation and gut integrity markers) on AI and adjusted for the interaction between long COVID status
and sex, age, race, BMI, smoking status, comorbidities, and lipids. Inflammatory and gut integrity markers
were modeled separately from one another. Comparison group was COVID survivors of male sex without long
COVID. ***See Appendix for all sex-specific differences among COVID negative participants and COVID
survivors.

increase variability in our estimates and increase the probability of type II error. However, to reduce sampling
variability and increases precision in our estimates, the same covariates included in estimating the conditional
probability of having COVID were used in adjusted models.

Our findings show that there are sex-differences in markers of inflammation, gut integrity, and arterial
elasticity among COVID survivors with long COVID symptoms. Female sex with long COVID symptoms had
the worse inflammation, gut integrity, and arterial stiffness. This reinforces the importance of continued, long-
term follow-up care following COVID-19 infection with special attention needed for female sex who may be at
a higher cardiovascular disease risk. In this context, future research should investigate interventions that may
prevent or improve the sequelae of SARS-CoV-2 on vascular function, inflammation, and gut health.
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